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A.1  liitoriMl  ParifMtiTi 


IbmtiM&ti  of  diolootrio  properties  hm  biia  u«d  to  aoaitor 
ehiaieil  reactions  ia  organic  materials  for  aoro  than  fifty  poors.  Ia  1934* 
Kioalo  a ad  Kaeo  (1]  roportod  the  aso  of  diolootrio  aooaaroaoata  to  study 
polyootorifieotioa  rooetioaa.  Remarkably,  aaay  of  tko  aajor  isaaoa  that  aro 
tho  aubjoot  of  this  roriov  war#  idoatifiod  ia  that  surly  papor:  tho  fact 
that  ioaie  conductivity  oftoa  doaiaatoo  tho  observed  diolootrio  proportlos; 
tho  equivalence  between  tho  eoaduotlwity  aoasurod  with  both  DC  aad  AC 
aothodo;  tho  eorrolatioa  between  wiaeosity  aad  eoaduotlwity  oorly  ia  cure; 
tho  foot  that  eoaduotlwity  does  aot  show  aa  abrupt  ehaago  at  gelation;  the 
poaoiblo  eoatributioa  of  orioatablo  dipolos  aad  saaplo  hotorogoaoitioa  to 
aoasurod  diolootrio  proportlos;  aad  tho  iaportaaeo  of  oloetrodo  polarizatioa 
at  low  frequencies. 

Botwooa  1934  aad  1951*  tho  literature  is  sparse*  but  sigaifleaat. 
Maaogold  aad  Potsoldt*  writing  ia  Geraasy  ia  1941  [2],  sited  a  1939 
translation  [3]  of  tho  abstraot  of  a  1937  Kassiaa  srtlelo  (which  wo  wore 
uaable  to  obtain)  by  Loaakia  aad  Gas  sows  [4]  ia  which  a  eorrespoadoaee  was 
roportod  botwooa  tho  wisoosity  aad  both  tho  olootrieal  eoaduotlwity  and 
iadoa  of  rofraetioa  during  tho  euro  of  phenol-formaldehyde  rosins.  Tho 
Maaogold  aad  Potsoldt  paper  focuses  on  the  eoaduotlwity  ehaago s  during 
phoaolio  euro,  ozaaiaiag  tho  offsets  of  both  stoiehloaotry  aad  eatalyst 
variation.  Their  ozporiaoats  included  siaultaaoous  temperature  aad 
eoaduotlwity  measurements*  poraittiag  thsa  to  separata  tho  iatrlasie 
teapersturo  dependence  of  tho  eoaduotlwity  froa  tho  reaetioa-indueed 
chaagas.  They  further  doaoastratod  with  tho  eatalyat  wariatioa  that  tho 
rate  of  change  of  eoaduotlwity  after  tho  onset  of  reaction  wariod  with  tho 
roaotioa  rate.  Flaoaaa  aad  Paddington  ia  1947  [5*6]  oxtoadod  those 
eoaduotlwity  studios  to  resorcinol-formaldehyde  rosins  aad  to  a  eoaaoreial 
polys star,  adding  correlations  with  deasity  aoasuroaoats.  Based  oa  aa 
obserwed  similarity  botwooa  tho  data  for  tho  two  rosias*  only  one  of  which 
loses  water  during  euro*  they  ooaeludod  that  tho  eoaduotlwity  ehaagos 
obserwed  during  euro  wore  duo  to  tho  changing  molecular  network,  aad  not 
simply  to  water  leas. 

Sines  195t*  aa  sztoaslwo  experimental  literature  has  dowolopod, 
primarily  oa  epoxies*  aad,  to  a  lessor  extoat,  oa  polyesters,  polyimidos, 
pheaolles,  sad  other  rosias.  Work  ia  this  area  has  booa  greatly  stimulated 
by  tho  iaoroaslag  lmportaaoe  of  thormosots  as  matrix  rosias  la  fiber 
roiaforeod  composites ,  aad  by  sigalfieaut  improvements  ia  instrumentation 
aad  measurement  methods. 

One  problem  that  haa  plaguod  tho  field  has  booa  tho  overwhelmingly 
empirical  nature  of  tho  research*  hampered  by  inadequate  models  with  which 
to  interpret  tho  data.  Furthermore*  ia  oaly  a  few  oases  haws  tho  diolootrio 
aoasuroaoats  booa  quantitatively  coupled  with  aeesureaeata  of  other 
properties  of  iatorost,  aad  oftoa*  experimental  dotaila  that  tura  out  to  bo 
iaportaat  ia  hiadaight,  wore  inadvertently  overlooked  during  tho  original 
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work.  As  •  resalt*  aaay  well  intentioned  experiaents  hare  soMhov  failed  to 
provide  that  eaaalative  insight  iato  faadaaftatal  issaes  that  aast  altiaately 
aeeoapaay  tk«  saeeessfal  scientific  applicstioa  of  a  asasareaent  aethod. 
Thos,  a  aajor  goal  of  tbis  article  bas  b«ta  to  preseat*  vithia  a  siaglt 
soarcs,  a  naif  ltd  mil*  of  basic  diftlaetrie  propirtiis,  tb«  aethods  as«d  to 
aftssars  those  properties*  bay  aapariaaatal  artifacts  that  aast  ba  aadsrstood 
by  tbs  investigator,  tba  physical  origiaa  of  tboss  artifacts*  sad  a  sarrey 
of  tbs  carrsat  pabliabcd  litcratara  with  sapbasia  oa  tba  corrclatioas  that 
caa  be  foaad  bctwaca  tba  dielectric  properties  sad  other  pbyaieal  properties 
of  the  eariag  syatsa. 


A. 2  Overview 

All  dielectric  aeasaraaeata  involve  the  deteraiaatioa  of  the  eleetrical 
polarisatioa  aad  eoadaetioa  properties  of  a  saaple  sab j acted  to  a  tiae- 
vsryiag  eleetrie  field.  Ssetioa  B  addresses  dieleetrie  aeasareasat  aetbods. 
tbs  varioas  iastraaeats  aad  eleetrodss*  aad  their  ealibratioas.  Section  C 
exaaiaes  the  aieroseopie  asebaaisas  giving  rise  to  tbs  observed  aaeroseopie 
dieleetrie  properties*  aad  Ssetioa  D  explores  ia  detail  tbs  offsets  of 
teaperatare  aad  ears  oa  these  properties.  Finally*  Ssetioa  B  contains  a 
seleeted  bibliography  of  applications  of  dieleetrie  analysis  to  tbs  stndy  of 
tbexaoset  ears. 
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B.l  idaittiM*  bincMitti 


Dielectric  MimiMati  are  perforaed  by  placing  a  aaapla  of  tba 
■atarlal  to  ba  atvdiad  batwaaa  two  oondnoting  alaetrodaa,  applying  a  t inn- 
varying  voltaga  batwaaa  tba  alaetrodaa,  and  aeaanring  tba  raaultiag  t inn- 
varying  earreat  (aa  "adaittsnce"  naaaaranaat) .  Tba  applied  voltaga 
astabliabaa  aa  alaetrio  field  ia  tba  aaapla.  Ia  response,  tba  aaapla  «aa 
bacoaa  alaetrieally  polariaad  (tba  eoaweatioaal  "dieleotric"  raapoasa)  and 
can  alao  conduct  aat  charge  froa  oaa  aleetroda  to  tba  otbar.  Both 
dialactrie  polarisation  and  coadactioa  give  rise  to  currents  wbicb  can  wary 
enoraoualy  during  a  aura. 

It  is  useful  to  separata  tba  pbenoaeaa  assoeiatad  with  tba  naasnrenant 
froa  tba  iatarpratatioa  of  those  pheaoaena  ia  tarns  of  tba  dialaetria 
properties  of  tba  aaapla.  Figure  1  shows  a  "black-bos"  wiew  of  tba  saaple, 
ia  wbicb  tba  details  of  tba  shape  of  tba  electrodes  and  tba  precise 
properties  of  tba  notarial  batwaaa  tba  alaetrodaa  are  not  known;  only  tba 
asternal  terainals  of  tba  alaetrodaa  are  available.  It  ia  asswaed  that  tba 
"apparatus"  of  Fig.  1  applies  a  tine-varying  voltaga  v(t)  batwaaa  tba 
terainals  of  tba  aaapla,  sad  has  tba  capability  of  deteraiaiag  cither  tba 
tiaa-varyiag  currant  i(t),  or  tba  tine -varying  aat  charge  Q(t).  which  is  tba 
tiaa  integral  of  tba  current.  Tba  discussion  that  follows  deals  with  tba 
currant;  aa  equivalent  aat  of  ideas  based  on  charge  is  iaplied. 

The  iatarpratatioa  of  dialactrie  aeasureaeats  as suae a  that  tba  saaple 
behavior  esa  ba  rapra seated  by  a  liaaar.  tiaa- invariant  adaittancc.  The 
aaaaiag  of  each  of  these  tarns  is  asaaiaad  ia  turn. 

Linearity,  when  dealing  with  tiaa-varyiag  signals  la  circuits  that  have 
energy-storage  alaaaats  (such  as  capacitors,  wbicb  are  asda  froa  alaetrodas 
with  a  dielectric  aediua  batwaaa  than),  is  aot  tba  saaa  as  sinple 
proportionality.  A  sufficient  condition  for  linearity  can  ba  expressed  in 
tarns  of  tba  superposition  property,  aa  follows:  a  saaple  is  linear  if, 
given  that  i2(t)  is  tba  response  to  a  particular  wsvefora  v2(t).  aad  i2(t) 
is  tba  raapoasa  to  a  aaeoad  wsvefora  v2(t),  than  tbaa  tba  response  to  tba 
wavefora  av.(t)  a  bv2(t)  (where  •  and  b  are  coastaats)  ia  ai2(t)  a  bi2(t). 
(A  saall  detail:  all  liaaar  saaplas  obey  tba  superposition  condition  above 
provided  that  the  aat  polarisation  charge  before  applying  tba  voltaga 
waveforas  ia  aero.  If  a  saaple  baa  residual  polarisatioa  froa  previous 
ezpariaaats,  even  liaaar  saaplas  aay  fail  to  obey  superposition.) 

Whether  or  not  a  given  saaple  actually  is  liaaar  depends  on  tba 
aagnltuda  of  tba  applied  voltage.  All  dielectrics  experience  catastrophic 
breakdown  at  electric  fields  on  tba  order  of  10*  volts/ ca.  Most  dielectric 
aeasureaeats  are  aada  with  applied  voltages  on  tba  order  of  1  volt,  with 
alaotroda  spaolngs  ranging  froa  teas  of  |in  to  several  aa,  resulting  in 
electric  fields  wall  below  breakdown.  Tba  dielectric  portion  of  tba 
response,  therefore,  ia  usually  liaaar.  Tba  conduction  portion  of  tba 
response  is  often  due  to  ions.  At  high  enough  applied  voltages, 
eleetrocheaieal  interactions  at  the  electrodes  can  occur  wbicb  can  lead  to 


nonl inter  oondnetion  characteristics.  There  can  also  ba  intrinsically 
nonlinear  oondnetion  aechanisas  within  the  aediua  at  electric  fields  in 
excess  of  abont  10s  V/cn.  Coin  has  recently  looked  carefnlly  for 
nonlinearities  in  liquid  epoxy  resins  prior  to  cure  (where  ion  oondnetion  is 
■oat  important)  and  has  fonnd  no  significant  nonlinear  effects  under  normal 
me a sore went  conditions  [7].  It  is  reasonable  to  assnae,  therefore*  that  any 
sample  used  la  conventional  dielectric  aeasnreaenta  can  be  considered 
linear. 

Tlae-invarlance  presents  a  problea.  Since  the  purpose  of  the 
aeasnreaent  is  to  follow  chances  in  dielectric  and  conducting  properties  of 
the  saaple,  strictly  speaking,  the  aaaple  is  usually  not  tine- invariant, 
let,  tine-invariant  circuit  aodela  are  always  used  to  interpret  the  results 
of  the  aeasnreaent.  The  justification  for  this  practice  is  to  assnae  that 
the  aaaple  properties  change  insignificantly  during  the  interval  required  to 
■eke  a  single  aeaenreaent.  The  degree  to  which  this  aay  or  nay  not  be  true 
during  actual  cure  studies  has  reeaived  relatively  little  attention  to  date, 
because  only  recently  have  there  been  eoaaereial  instruments  available  for 
cure  studies  below  10  Ex.  where  it  aight  be  possible  to  demonstrate  explicit 
reaction-rate-dependent  effects. 

Dielectrie  nesureaents  on  curing  systeas  are  usually  done  with 
sinusoidal  exeitations  at  spec if io  frequencies  of  interest.  The  frequeney- 
dependent  dieleetrie  response  of  a  linear  time-invariant  aaaple  oan  be 
obtained  by  applying  a  step-change  in  voltage,  measuring  the  resulting 
current  wevefora  at  a  aeries  of  time  intervals  following  the  step,  then 
coaputing  the  frequency-dependent  dieleetrie  properties  froa  the  Fourier 
transform  of  the  current  wavefora  (8).  The  potential  advantage  of  this 
approach  is  the  use  of  digital  signal  proeessing  aethods  to  reduee  the  tiae 
needed  to  obtain  data  at  ultra-low  frequneiee  (to  10~*  Ex),  but  in  praetice, 
the  duration  of  the  step  wevefora  aust  be  short  enough  to  keep  the  saaple 
tiae-invariant  throughout  one  aeasnreaent  eyele.  The  total  tiae  for  a 
aeasnreaent,  in  this  ease,  is  determined,  first,  by  the  length  of  tine  one 
aust  hold  the  voltage  at  soae  initial  voltage  (e.g.,  xero)  before  applying 
the  step  (to  assure  xero  initial  polarisation  eharge),  and  second,  by  the 
length  of  tiae  one  aust  hold  the  voltage  at  its  non-zero  value  to  obtain 
enough  data  for  the  lowest  frequency  of  Interest.  For  typical  theraoset 
cures,  reaction  rates  usually  liait  the  lowest  useful  frequency  to  about  0.1 
Ex. 


The  liftnilfitBffitf  *  linear  tiae-invariant  aaaple  can  now  be  defined. 
In  the  sinadaoidal  steady  state  at  angular  frequency  a,  both  v(t)  and  i(t) 
are  sinusoids  having  soae  phase  difference  f  (see  Fig.  2). 


v(t)  ■  V0eos(«t) 

(B— 1 ) 

i(t)  ■  I0eos(wt  +  f) 

(B-2) 

where  Vq  and  Iq  are  the  real  aaplitudes  of  v(t)  and  i(t),  respeetively 
These  waveforms  can  be  expressed  in  complex  exponential  notation,  as 
follows: 


(B— 3 ) 


v(t)  -  te  {VaJ*4} 

i(t>  -  ti  (IeJ**)  (B-4) 

whare  j  it  and  vhara  V  and  I  ara  the  complex  annlltndaa  of  v(t)  and 

i(t),  respectively.  Than  expressed  in  this  torn,  V  and  I  hare  tha  values 

V  -  VQ  (3-5) 

I  -  I0«J#  (B~6) 

Tha  ratio  of  I  to  V  ia  dafinad  aa  tha  adnittanca  T(w)  of  tha  aanpla.  and  is 
sfittM  aa  frequency-dependant  to  eaphasixe  its  inplioit  dapandanea  on  the 
frequency-dependent  propastiaa  of  tha  aedina. 

YU)  -  I/V  (B-7) 

Subatituting  and  expanding  yields 

T(a)  -  J(I0/V0)sin^  +  (I0/V0)coaF  (B-8) 

In  this  aquation,  tha  aagnituda  of  tha  adaittanee  (Iq/Vq)  and  tha  phase  P 
ara  both  frequency-dependent  quantitiaa.  Nevertheless,  at  aoaa  particular 
frequency,  it  ia  poaaible  to  oonatruet  aa  equivalent  circuit  consisting  of  a 
capacitor  C^U)  in  pacallat  with  a  resistor  E^U),  as  shown  in  Fig.  3.  (For 
olarity  ia  this  introductory  discussion,  tha  subscript  "x”  ia  used  to  denote 
"expariaeatally  aaasurad  quantities*  to  distinguish  than  fro*  bulk 
properties  of  aateriala,  whiah  ara  giwaa  without  subscripts.)  Until  the 
alaotroda  geometry  is  apacifiad,  tha  eapaeitor  and  resistor  haws  no  direct 
physical  interpretation  ia  teras  of  dialaetrio  properties  of  tha  sample; 
they  sUply  provide  a  convenient  way  of  describing  tha  results  of  tha 
aaaauraaaat.  Electrode  goaatriaa  ara  considered  ia  tha  following  section. 
For  tha  parallel  Iz-Cx  circuit  of  Fig.  3,  tha  adaittanee  is  written 

YU)  -  JwCs(a)  ♦  1/lgU)  (B-9) 

which,  by  eoaparisom  with  Bq.  B-g,  yields 


CM(m) 


ViM 


(B-10) 


and 


(B-ll) 
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Another  quantity  alto  need  in  admittance  measurements  la  the 
dissipation  faetor  D,  which  la  naeful  becanae  it  dependa  only  on  the  phase 
of  the  admittance*  not  on  its  magnitude.  The  dissipation  factor  of  a 
parallel  Bz-Cz  circuit  is  defined  as 

D  -  STT-  (B-12) 

***** 

which  from  Eqs.  B-10  and  B-ll.  yielda 

D  -  cotan?  (B-13) 

The  final  quantity  to  be  defined  haa  been  the  source  of  much  confusion. 
The  loss  tansent  of  the  sample  is  the  same  as  the  dissipation  factor  defined 
shore;  howerer.  the  loss  tangent  of  the  medium  ia  a  dielectric  property.  To 
distinguish  between  them,  we  shall  refer  to  tsnftz  ae  the  sample  loss 
tangent,  haring  the  ralne 

tan6z  -  D  (B-14) 

Therefore.  6Z  is  w/2  -  f.  The  loss  tangent  of  the  medium,  which  we  shall 
refer  to  as  taaft  without  a  subscript,  is  discussed  in  Section  C. 


B. 2 .Electrode  Geometries  and  Their  Calibrations 
B.2.1  Definitions 

The  dielectric  uermlttirltr  of  a  medium  measures  the  polarization  of 
the  medium  per  unit  applied  electric  field.  The  pemittirity  of  free  space. 
•q  has  the  ralue  8.83  z  10-1*  Farads/ cm.  Throughout  this  paper,  we  shall 
express  the  dielectrie  properties  of  a  medium  relatire  to  sq.  That  is.  the 
pemittirity  of  a  medium  is  written  s'sq,  where  s'  is  the  relatire 
oemittlritr.  also  referred  to  as  the  dielectric  constant  of  the  medium  (but 
remember  that  the  dielectric  "constant*'  changes  with  temperature  and  cure). 

The  dielectric  loss  factor  arises  from  two  sources:  energy  loss 
sssooiated  with  the  time-dependent  polarisation,  and  bulh  conduction.  The 
loss  faotor  is  written  s"sq,  where  s"  is  the  relatire  loss  faotor. 

The  loss  tansent  of  a  medium,  denoted  by  tend,  is  defined  as  the  ratio 
a"/ s '  (see  also  Section  B.l  for  the  loss  tangent  of  a  sample,  tsn&z). 


B.2.2  Parallel  Plate  Bleetrodes 

Parallel  plates  are  often  used  as  eleetrodes  ia  cure  studies;  their  use 
ia  this  application  is  first  eited  by  Manegold  and  Petsold  (2]  and  later  by 
Aukward  and  Warfield  (9].  Figure  4  illustrates  parallel  coadaetors  of  ares 
A  separated  by  spacing  L.  The  sample  medium  is  placed  between  the  plates, 
or  the  plates  can  be  fully  immersed  ia  the  medium.  Normally,  one  designs 
the  plate  spacing  to  be  much  less  than  the  plate  size,  which  minimizes  the 
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effects  of  fringing  fields  an 4  leads  to  a  very  simple  calibration.  After 
accounting  for  any  cabling  adaittances  (see  Sec.  B.3.1),  tbe  components  of 
the  equivalent  circuit  of  Fig.  3  have  the  values: 


and 


(B-?  5) 


R  .  —k -  (B-16) 

*  «A«Vo 

where  e'x  and  t"x  denote  the  ezperiaental  valuea  that  are  inferred  for  a* 
and  s".  respectively*  and  where*  to  be  consiatent  with  the  units  selected 
for  »q,  linear  diaenaiona  are  in  ca. 

For  a  hoaogeneous  dielectric  aediua*  in  the  absence  of  interface 
effects  (see  Sec.  C.2),  the  experiaental  quantities  s’s  and  e"x  are  equal  to 
the  bulk  properties  a'  and  a",  and  the  experiaental  losa  tangent  beeoaes 


tan&z  ■  tanft  (B--S7) 

That  is,  for  a  parallel  plate  structure  containing  a  hoaogeneous  aediua  and 
having  no  interface  effects,  the  phase  angle  of  the  saaple  adaittance 
determines  the  loss  tangent  of  the  aediua,  regardless  of  the  plate  spacing 
and  area  (within  wide  Halts).  Of  course,  if  calibrated  aeasurenent*  of 
either  s'  or  a"  are  needed  (and,  as  will  be  shown,  they  usually  are),  then 
it  is  necessary  to  aeasure  and  control  both  plate  spacing  and  area  to  obtain 
quantitative  results.  The  "cell  constant"  calibration  method,  in  which  the 
ratio  A/L  in  Eq.  B-15  is  iaplieitly  determined  by  aeasuring  the  electrode 
capacitance  in  air  (s'  -  1.0),  is  not  sufficient  for  calibration  in  the 
presence  of  interface  effects;  L  aust  be  known  separately  (see  Section  C.2). 

The  priaary  advantages  of  parallel  plate  electrodes  lie  in  the  esse 
with  which  aeasured  data  csn  be  interpreted,  and  in  the  fact  that  they  can 
be  aade  from  alaost  any  conductor.  The  priaary  disadvantages  are  the  need 
to  control  plats  spacing  and  arcs  if  qusntitative  ass sure s  of  either  s'  or 
s"  are  to  bo  obtained,  and  the  instruaental  difficulties  associated  with 
making  adaittance  aeasureaents  at  frequencies  below  about  100  Hx  (see 
Section  B.3)  Furthermore,  in  cure  experiments,  matrix  resins  typically  go 
through  significant  dimensional  changes  either  due  to  temperature,  to 
reaction-induced  contraction,  or  to  applied  pressure,  and  it  has  proved 
difficult  to  maintain  the  calibration  of  parsllel  plates  in  these  cases. 

This  has  led  to  almost  coaplete  reliance  on  the  aeasured  tanftx  in  following 
cure,  but  as  is  shown  in  Section  C.2,  interface  effects  lead  to  complex 
artifacts  in  tanS  .  As  a  result  of  these  disadvantages,  the  use  of  parallel 
plates  for  quantitative  studies  is  decreasing  relative  to  the  use  of  coab 
electrodes. 
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B.2.3  Coat  Electrodes 


The  use  of  interdigitsted,  or  comb  electrodes  for  cure  net tare sent  was 
first  reported  by  Armstrong  [10].  The  metal  electrodes,  illustrated 
schematically  in  Fig.  5s,  are  typically  fabricated  on  an  insulating 
snbstrate  nsing  photopatterning.  The  substrate  can  be  a  ceramio,  a  thin 
plastic  film,  a  sheet  of  epoxy-glsss  composite,  or  even  a  silicon  integrated 
circuit.  The  cross  section  in  Fig.  5b  illustrates  the  case  where  the 
insulating  substrate  is  mueh  thicksr  than  the  spacing  between  fingers.  The 
calibration  of  the  device  is  found  by  determining  the  admittance  between  the 
arrays  of  parallel  stripe  electrodes  located  at  the  interface  between  one 
medium  having  the  s'  and  sN  values  of  the  sample,  the  other  medium  having 
the  s'  and  a"  values  of  the  substrate.  In  general,  this  calibration  cannot 
be  calculated  for  exact  device  geometries  without  numerical  methods.  If  the 
interdigitated  portion  of  the  eleotrodes  is  sufficiently  large,  the 
structure  can  be  approximated  by  an  infinite  periodic  comb  structure,  for 
which  both  analytical  and  simplified  numerical  calibrations  can  be  obtained 
[11,12].  The  cell  constant  calibration  method  fails  for  comb  electrodes 
even  in  the  absence  of  interface  effeots  beoause  of  the  relatively  large 
component  of  fringing  field  in  the  substrate. 

The  advantages  of  comb  electrodes  lie  in  the  reorodncibllitv  of  the 
calibration  (whioh  permits  separation  of  s'  and  s"),  and  in  the  ease  with 
which  they  oan  be  placed  into  a  variety  of  structures,  such  as  adhesive 
joints  and  fiber-reinforced  laminates.  The  calibration  depends  on  the 
electrode  sixe  and  spacing  and  on  the  dielectric  properties  of  the 
substrate,  all  of  which  can  be  made  quite  reproducible  with  photopatterning 
technology.  Furthermore,  the  calibration  is  relatively  insensitive  to 
tempersture  or  pressure  changes,  s  major  advantage  compared  with  parallel 
plates.  Finally,  when  combined  with  suitable  blocking  or  release  layers 
(see  Sec.  C.2),  comb  electrodes  esn  be  used  in  fiber-reinforced  laminates 
containing  graphite  fibers,  which  sre  such  good  conductors  that  they 
interfere  substantially  with  parallel  plate  measurements.  The  major 
disadvantage  of  comb  electrodes  is  that  they  are  muoh  less  sensitive  than 
parallel  plates  of  comparable  dimensions.  As  a  result,  their  primary 
application  is  in  those  materials  where  the  loss  factor  is  dominsted  by 
conductivity  effects  and  where  the  conductivity  is  relatively  large,  i.e., 
greater  than  about  10“®  (Q-cn)-*  (see  Section  C.l).  This  olass  of  smterials 
is  sufficiently  large  to  provide  a  large  domain  of  application  for  comb 
eleotrodes. 

An  important  variation  of  the  comb  electrode  approach  is  found  in 
microdielectrometry  [13,14].  The  microdielectrometer  sensor  combines  s  comb 
electrode  with  a  pair  of  field-effect  transistors  in  a  silicon  integrated 
microcircuit  to  achieve  sensitivities  compsrable  with  parallel-plate 
electrodes,  but  retaining  the  reproducible  calibration  features  of  the  comb. 
The  cross-section  of  Figure  6  shows  the  electrodes  sepsrsted  from  a 
conducting  ground  plane  (the  silicon  substrate)  by  a  silicon  dioxide 
insulstor  whose  thickness  is  much  less  thsn  the  electrode  spseing.  One  of 
the  electrodes  is  driven  with  a  signal,  the  other  is  connected  to  the  input 
gste  of  one  of  the  field-effect  trsnsistors,  end  exoept  for  s  espscitsnce  CL 
between  this  electrode  and  the  ground  plane,  is  electricslly  flosting.  The 
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capacitance  integrates  the  current  reaching  the  floating  electrode 
through  the  coab  electrode  admittance  T(«),  and  develops  a  voltage  which 
depends  on  the  oharge  rather  than  the  current.  Therefore,  instead  of 
providing  a  direct  measurement  of  Km),  the  microdielectrometer  measures 
thin  voltage,  or,  equivalentely,  the  complex  transfer  function  H(m)  defined 
as  follows: 


H(w) 


Km) 

1  +  jmCjYU) 


(B-18) 


Like  the  admittance  Km),  the  transfer  function  H(m)  has  a  magnitude  and 
phase  which  can  be  interpreted  in  terms  of  an  assumed  homogeneous  dielectric 
medium  with  permittivity  s'  and  loss  factor  a"  [12].  Figure  7  illustrates 
such  a  calibration  aa  a  contour  plot.  Given  the  magnitude  and  phase  of 
H(w),  the  corresponding  s'  and  s"  values  can  be  determined.  Furthermore,  as 
was  the  true  for  the  parallel  plates  and  simple  comb  electrodes, 
calibrations  like  that  of  Figure  7  implicitly  assume  a  homogeneous 
dieleetric  medium  and  no  interface  effects.  In  practioe,  however,  interface 
effects  are  almost  always  observed  at  the  early  stages  of  thermoset  cure 
(see  Section  C.2). 


A  schematic  of  a  microdielectrometer  sensor  is  shown  in  Figure  8  and 
illustrates  the  electrode  array,  the  field-effect  transistors  and  a  silicon 
diode  temperature  indicator  [15]  which  functions  as  a  moderate  seouracy  (~2 
•C)  thermometer  between  room  temperature  and  250  *C.  The  sensor  is  used 
either  by  placing  a  small  sample  of  resin  over  the  electrodes,  or  by 
embedding  the  sensor  in  a  reaction  vessel  or  laminate.  Since  all  dielectric 
and  conductivity  properties  are  temperature  dependent,  the  ability  to  make  a 
temperature  measurement  at  the  same  point  as  the  dielectric  measurement  is  a 
useful  feature  of  this  technique. 


B.2..4  Other  Electrodes 

Many  eleotrode  patterns  have  been  used  for  cure  studies.  Kienle  and 
Race  [1]  used  parallel  cylindrical  conductors  immersed  in  the  medium. 

Coaxial  cylinder  electrodes,  with  the  sample  placed  between  the  two 
cylinders,  were  first  used  by  Fineman  and  Puddington  [5,6],  and  later  by 
Aukward,  Varfield,  and  Petree  [16].  The  coaxial  electrodes,  like  the 
parallel  plates,  have  a  relatively  simple  calibration,  but  are  tedious  to 
construct  reprodueibly  for  each  thermoset  cure  experiment.  Generally,  any 
electrode  configuration  can  be  used  for  observing  trends,  but  electrode  size 
and  location  must  be  reproducibily  controlled  if  calibrated  measurements  are 
desired. 
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B.3  MtmrtMit  IfaljMit 


B.3.1  Ctfuituai  aad  IapadiMi  Bridges 

Whether  using  parallel  plate  or  coab  electrodes*  the  baeie  aeasureaent 
involves  deteraining  the  adaittanee  between  the  eleetrodes  under  sinusoidal 
steady state  conditions  (the  lone  exception  is  the  aicrodielectroaeter, 
discussed  in  Section  B.3. 2).  Many  early  studies  were  aade  with  general- 
purpose  capacitance  bridges  designed  for  aeasureaents  of  capacitors  with 
saall  loss  tangents.  Because  theraoset  resins  becoae  relatively  conductive 
when  they  are  heated,  particularly  early  in  cure,  such  capacitance  bridges 
could  not  be  used  without  the  addition  of  an  insulating  (or  blocking)  layer 
between  at  least  one  of  the  eleetrodes  aad  the  saaple  to  lower  the  overall 
loss  tangent  of  the  saaple  to  within  the  instruaeat  range.  However,  this 
significantly  aodifiee  the  calibration  (see  Section  C.2). 

.  The  first  coausereial  adaittanee  bridge  specifically  directed  toward 
resin-cure  applications  was  introduced  by  Tetrahedron  Associates  in  1969 
[171.  Within  the  past  deeade,  a  variety  of  general-purpose  instruaents 
suitable  for  resin-cure  applications  have  been  introduced.  Exaaplea  froa 
aajor  U.S.  aanufaoturers  include  the  Hewlett-Packard  HP4192A  Low  Frequency 
laps dance  Analyzer  [18],  and  the  OenHad  1689  Diglbridge  [19].  Either  can 
provide  aeasureaents  of  both  H_  and  Cz  over  a  range  of  frequencies  (11  Hz  - 
100  kHz  for  the  GenRad,  and  5  fix  -  13  MHz  for  the  HP).  Both  are  equipped 
with  the  equivalent  of  the  standard  IEEE  488  ooaputer  bus,  which  facilitates 
interfacing  and  control  froa  a  variety  of  date-logging  coaputers  or  desktop 
calculators. 

The  effectiveness  of  these  instruaents  for  dielectric  cure  studies 
depends  on  sensitivity  and  accuracy.  The  sensitivity  is  related  to  the 
ainiaua  resolvable  phase  angle,  which  for  general  cure  studies,  should 
ideally  be  less  than  about  0.1*.  Unfortunately,  actual  sensitivity  in  use 
depends  strongly  on  the  aeasureaent  frequency,  on  the  adaittanee  of  the 
saaple,  on  the  details  of  the  cabling  and  shielding,  and  on  the  electrical 
noiie  level  of  the  environaent.  Therefore,  analysis  of  published 
sensitivity  specifications  is  difficult.  It  is  easier  to  evaluate  intrinsic 
instruaent  aocuraoy,  whisk  can  be  expressed  in  tens  of  either  the  tan&z 
accurscy  or  the  conductivity  accuracy.  An  exaaple  is  useful. 

A  pair  of  1  cn*  area  plates  spacsd  apart  by  0.25  am  aad  filled  with  a 
resin  having  a  psnittivity  of  10  (a  typical  value  esrly  in  cure)  hue  a 
capacitance  of  about  35  pF.  The  HP4192A  has  a  tan&z  accuracy  of  0.002  when 
■easuring  35  pF  at  1000  Hz  [18],  which  is  satisfactory  for  aost  resin 
studies  st  that  frequency.  However,  the  taa6z  accuracy  of  the  HF4192A 
degrades  to  about  .05  at  5  Hz,  which  linits  the  saallest  conductivity  that 
can  be  aeasured.  In  the  final  stages  of  typical  cures,  s'  approaches  a 
value  of  4-5,  while  eM  approaches  a  value  that  depends  on  frequency.  At  low 
frequencies,  the  a"  value  is  usually  doainated  by  ionie  conductivity, 
denoted  by  a  (see  Sec.  C.1.1).  In  this  esse,  the  resistance  is  L/oA, 
which  when  eoabined  with  Eq.  B-16  yields 
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If  «t  5  Hz,  t«a6z  is  only  accurate  to  .OS.  and  usina  a'  ■  4,  the 
corresponding  accuracy  for  a  ia  1.9  x  10”13  (Q-cm)"1.  For  nany  materials 
including  epoxies,  it  ia  dasirabla  to  ■aaanra  a  values  into  tba  10"**  (fl¬ 
ea)”3  rang*,  or  lovar. 

Additional  probleaa  ara  introduoad  by  tba  ora rail  adaittancs  level  and 
by  cabling  and  abialding  issnaa.  In  Fig.  8,  tba  parallel-plate  aaapla  ia 
connactad  to  a  ns tar  by  a  coaxial  cable  (-100  pF/neter) .  A  2-aeter  cable 
introduoaa  a  capacitance  of  200  pF  in  parallel  with  tba  aaapla.  wbicb  aust 
be  subtracted  froa  tba  aeasnred  capacitance  to  deteraine  tba  aaapla 
capacitance.  Clearly,  vban  tba  cable  capacitance  ia  coaparable  to  tba 
aaapla  capacitance,  sensitivity  and  accuracy  ara  reduced.  Furtberaore, 
unless  tba  cable  and  alaetrodaa  ara  sbialdad,  pickup  at  60  Hx  and  its 
harmonics  can  degrade  aeaaureaents  at  or  near  those  frequencies.  Finally, 
at  frequencies  below  100  Hx,  the  aagnitude  of  the  aaapla  adaittance  becoaes 
saall  (~  2  x  10”*  Q“3  at  100  Hx.  and  decreasing  proportional  to  m  at  lower 
frequencies),  and  becoaes  coaparable  to  stray  or  leakage  adaittancea  within 
the  instrument.  In  practiee,  it  baa  proved  difficult  to  operate  adaittance- 
aeasuring  instruaents  below  about  10  Hx,  and  even  an  inetruaent  with  an 
ideal  tanb  sensitivity  as  low  as  0.001,  if  restricted  by  cabling  probleaa 
to  a  useful  frequency  range  of  10  Hx  or  above,  cannot  aeasure  a  conductivity 
saaller  than  about  1.5  x  10"”  (fl-cx)"  . 

B.3.2  Mierodieleetroaetry 

Hicrodielectroaetry  was  introduced  as  a  research  aetbod  ia  1981  [14], 
and  becaae  coaaereially  available  in  1983  [20].  The  aierodieleetroaetry 
instrumentation  combines  the  pair  of  field-effect  on  the  sensor  chip  (see 
Sec.  B.2.3)  with  external  electronics  to  aeasure  the  transfer  function  H(t») 
of  Eq.  B-18.  Because  the  transistors  on  the  sensor  chip  function  as  the 
input  amplifier  to  the  aster,  cable  adaittanee  and  shielding  probleaa  are 
greatly  reduced.  In  addition,  tbo  use  of  a  charge  aeaeureaent  rather  than 
the  adaittance  aeasureaent  allows  the  aeasureaenta  to  be  made  at  arbitrarily 
low  frequencies.  As  a  natter  of  praetiee,  reaetloa  rates  in  cure  studies 
Halts  the  lowest  useful  frequency  to  about  0.1  Hx;  however  pre-cure  or 
post-cure  studies  cam  be  aade  to  as  low  as  0.005  Ha.  Finally,  the 
differential  connection  used  for  the  two  transistors  provides  first-order 
eanoelletloa  of  the  effects  of  temperature  and  pressure  on  the  transistor 
operation.  The  devices  can  be  used  for  cure  aeasureaenta  to  300  *C,  and  at 
pressures  to  200  pal. 

As  described  in  Section  B.2.3,  the  aierodieleetroaeter  calibration  [12] 
is  siailar  to  that  of  eonb  electrodes.  Based  on  the  accuracy  of  the 
amplitude  and  phase  aeasureaent  electronics,  the  «**  sensitivity  of  the 
aierodieleetroaeter  is  about  0.01  [7],  which  for  a  medium  having  a 
dielectric  permittivity  of  4  corresponds  to  a  tanft  sensitivity  of  less  than 
0.003.  At  a  frequency  of  0.1  Hx,  an  a"  sensitivity  of  0.01  corresponds  to  a 
conductivity  sensitivity  of  about  1  x  10“16  (0-oa)"1.  However,  the  accuracy 
of  the  aierodieleetroaetry  calibration  at  these  conductivity  levels  has  not 
been  rigorously  established. 
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C.  MICROSCOPIC  MECHANISMS 


C.l  Bulk  Effects 

This  section  ezsnines  the  dielelecttic  end  conduction  aechanisas  in 
hnlk  materials,  assuaing  thst  the  aediua  is  linear  (at  the  applied  eleetrie 
field  strength)  and  homogeneous.  Effects  of  interfaces  and  inhoaogeaeities 
are  discussed  in  Section  C.2.  Additional  discussion  esn  he  found  in  basic 
texts  [21-23]. 

Two  bulk  effects  sre  considered  in  the  following  Sections:  ionic 
conductivity,  and  aolecular  dipole  orientation.  It  is  also  necessary  to 
introduce  the  so-called  "infinite-frequency”  dielectric  polarisation  which 
provides  the  baseline  sgsinst  which  to  aeasnre  the  other  effects.  The 
peraittivity  s'  is  written  schenatieslly  ss 

«'-«•+  «'d  (c-i) 

where  s.  is  the  baseline  peraittivity,  and  s’4  is  the  additional 
peraittivity  attributed  to  dipole  orientation.  For  the  purpose  of  this 
review,  e*d  is  associsted  with  the  aajor  dipolar  relaxation  at  the  glass 
trsnsition  (the  o-relsxstion) ;  it  depends  on  frequeaey,  teaperatmre,  and 
cure.  The  frequency-dependence  is  exsaiaed  in  Section  C.l. 2;  the 
temperature  and  cure  dependences  sre  discussed  in  Section  D. 

The  definition  of  s„  depends  soaewhat  on  the  teaperature  and/or 
frequency  range  used  for  the  experiments.  Typical  dielectric  studies  take 
place  at  frequencies  below  about  1  MHz.  At  temperatures  below  the  glass 
transition,  there  can  still  be  dipolar  contributions  to  s'  at  these 
frequencies  froa  liaited  motions  of  polar  groups.  However,  at  sufficiently 
low  temperatures  (and/or  high  frequencies),  these  groups  lose  the  ability  to 
align  with  an  applied  electric  field,  resulting  in  additional  decreases  in 
s'  (the  0-  and  lower-temperature  relaxations).  This  review  does  not  address 
either  the  low-temperature  properties  of  resins,  or  the  details  of  these 
relaxations.  Hence,  such  dipolar  effects  are  leaped  into  s„  Tithin  the 
teaperature  range  at  which  typical  cures  take  plaoe,  e„  is  found  not  to 
depend  significantly  on  frequency,  teaperature,  or  cure. 

C.1.1  Ionic  Conductivity 

The  importance  of  ionic  conductivity  in  curing  resins  has  been 
recognised  since  the  earliest  work  [1,2].  In  epoxies,  Fava  [24]  proposed 
that  sodiua  and  chloride  ions  are  the  particular  species  involved,  the 
origin  of  the  ions  being  the  reset  ion  used  to  produce  the  starting 
asterials.  (The  reaction  of  epichlorhydrin  with  bisphenol-A  to  aake  the 
diglycidyl  ether  of  bisphenol-A  (DGEBA)  produces  HC1  as  a  byproduct  which  is 
subsequently  neutralized  with  alkali  [25].)  Even  after  treataent  to  remove 
NaCl,  there  is  residual  chloride  ion  present  in  commercial  DGEBA  resins  at 
concentrations  typically  on  the  order  of  tens  of  ppm  [20,  and  corresponding 
concentrations  of  cations.  These  iapurities  actually  provide  a  reaarkably 
useful  probe  of  the  resin  systea. 


If  th«  electric  field  within  the  resin  it  B,  the  i*®  species  of  ioa 
will  acquire  sa  average  drift  welocity  wj.  The  assuaed  linearity  of  the 
aediaa  iaplies  that  Tj  is  proportional  to  B.  The  proportionality  constant 
ia  called  the  aobllltv  of  the  ion,  for  which  we  nse  the  syabol  nj. 

v*  -  ajB  <C-2> 

If  there  are  Nj  ions  of  species  i  per  anit  wolnae,  with  a  charge  aagnitade 
of  q^  oa  the  ith  ion,  the  ioaic  conductivity  o  can  he  expressed  as 

a  *  2  (C-3) 

The  relation  between  the  nobility  of  the  ioa  and  the  properties  of  the  resin 
can  be  qualitatively  exaained  with  the  aid  of  Stoke's  law  for  the  drift  of  a 
spherical  object  ia  a  viscous  aediaa  [see,  for  exaaple,  27].  The  nobility 
of  a  sphere  of  rsdius  r i  enbedded  ia  a  aediaa  of  viscosity  q  and  subjected 
to  a  force  qjB  is 


Ia  this  siaple  aodel,  the  nobility,  and  hence  e,  varies  as  1/q;  equivalent¬ 
ly,  the  quantity  1/a.  called  the  resistivity  aad  denoted  p.  is  noninally 
proportioasl  to  viscosity.  It  aast  be  eaphasixed,  however,  that  this 
Stoke 's  law  approach  is  aa  oversiaplif ication  which  fails  eoapletely  as  a 
curing  resia  approaches  gelation.  As  discussed  in  detail  ia  Seetioa  D,  the 
ioa  nobility  in  a  resin  depends  priaarily  oa  the  nobilities  of  the  polyaer 
segaents.  At  gelation,  the  bulk  viscosity  beeoaes  infinite  because  of  the 
forastioa  of  s  Macroscopic  Molecular  network.  However,  the  resistivity 
reaains  finite  because  polyaer  segaeats  coapsrable  ia  sise  to  the  ions  are 
still  mobile.  Veil  before  gelatioa.  the  resistivity  aad  viscosity  are 
tightly  correlated  because  both  the  viscosity  sad  ioa  nobility  have  sinilar 
dependences  on  polyaer  segaeat  nobility. 

Ioaic  eoaductivity  has  another  iaportant  iapl ication.  The  resin  systen 
acts  like  aa  electrolyte;  thus,  all  of  the  electrode  polarisation  effects 
thst  can  be  observed  in  conventional  electrolytes  can  also  be  observed  in 
resins.  The  effect  of  electrode  polsrizstioa  is  discussed  ia  Section  C.2. 

Conductivity  effects  give  rise  to  s  1/m  frequency  dependence  in  a".  as 
shown  below 


where  e"d  is  the  contribution  to  e"  fron  losses  arising  froa  dipolar 
orientation.  This  frequency  dependence  is  exaained  further  ia  the  following 
Section. 


C.1.2  Difoli  OriMtitiot 


Figure  10  lllutritii  is  highly  lehmtle  fora  the  alignaent  of 
aoleeular  dipolos  in  ss  sppliod  oloetsie  fiold.  Tho  dipolos  is  s  our lag 
rosia  sro  oaboddod  is  s  viscous  asdiua,  sad  sro  hindered  by  sttschaoat  to  s 
growing  network.  Tho  orioatstioa  proeoss  will  require  s  characteristic 
tine,  called  tho  dlaolo  relaxation  tine  sad  doaotod  by  Tj.  During  a  typical 
ears  reaction,  is  short  oarly  in  ears,  and  boooaos  largo  whoa  tho  rosia 
▼itrifios.  Boeaaao  of  tho  hiadoriag  aoehaaisa,  thoro  is  oaorgy  loss 
asaooiatod  with  tho  orioatstioa  proeoss. 

Tho  following  aotstioa  is  asod  to  doseribo  tho  dipolar  quantities: 


sQ:  Tho  ”unralazed<'  peraittivity,  oqaiwaloat  to  tm 

sf:  Tho  "relaxed”  peraittivity,  equal  to  tho  balk  peraittivity 

whoa  aoleeular  dipolos  align  with  tho  olootrie  fiold  to  tho 
aaxinua  oxtoat  possible  at  tho  saaplo  teapersture. 


Tho  siaplost  aodol  of  hiadorod  dipolo  orioatstioa  is  duo  to  Debye  [28],  sad 
sssaaos  a  single  relaxation  tiae  for  all  aoleeular  species.  Tho  Debye 
aodol,  plus  a  torn  to  seeount  for  ioaio  conductivity,  loads  to  tho  following  .  . 
illustrative  expressions  for  s*  sad  a": 


-  o 


i*  ■ 
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1  ♦ 


(C-6) 
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.1  ♦  (we4) 


(C-7) 


Figure  11s  illustrates  tho  froquoaey  dopoadoaeo  of  s'  for  Eq.  C-6. 

Note  that  s'  is  aidwsy  botwooa  s,  sad  st  whoa  w  -  1/tg.  Tho  eorrospoadiag 
plots  for  a"  sro  aoro  eoaplox,  boeauso  oao  aust  assess  tho  relative 
eoatributioas  of  s  sad  tho  dipole  loss.  Tho  siaplost  osso  is  for  o  »  0 
(Fig.  lib)#  whore  tho  eharseteristio  dipolar  loss  psak  of  amplitude 
(«r  -  sn)/2  is  obsorvod  at  froquoaey  w  ■  1/t^.  For  aoa-sero  o,  however,  tho 
1/m  dopoadoaeo  of  sM  greatly  distorts  tho  a"  curve  froa  tho  ideal  Debye 
peak.  Log-log  sealos  are  helpful,  as  illustrated  ia  Fig.  12.  Tho  o  ■  0 
ease  is  roplottod  froa  Fig.  lib;  also  plotted  are  tho  frequency  dopoadoaeos 
of  a*  for  o/sq  haviag  various  values  relative  to  a,  -  su.  As  e  iacroasos, 
it  bocoaos  iaoroasingly  difficult  to  discern  tho  dipole  loss  peak.  Roughly 
spoakiag,  for  w/sq  greater  than  about  throe  tiaes  a.,  tho  obsorvod  a"  ia 
oatiroly  doaiaated  by  e.  (Ideally,  ovsa  whoa  a  doaiaates  tho  dipolar 
coatributioa  to  a",  it  should  still  bo  possible  to  observe  tho  dipolar 
contribution  to  s';  however,  whoa  o  is  largo#  electrode  polarisation  effects 
toad  to  doaiaato  tho  s'  aeasursaeat  as  well.  See  Sec.  C.2.1.) 
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A  convenient  ««y  of  displaying  the  s'  and  a"  frequency  dependences  is 
in  a  Cole-Cola  plot  [291 ,  where  a"  ia  plotted  againat  a*  with  «  as  a 
paraaeter.  Figure  13  ahows  the  Cole-Cole  diagraaia  for  the  idealized  oases 
illustrated  in  Figs.  11  and  12.  Note  that  when  a  «  0.  the  Cole-Cole  diagraai 
is  a  perfeet  semicircle,  with  endpoints  at  iB  and  ar  and  with  a  aaxinua  a" 
value  of  (sr  -  s_)/2.  Aa  o  inereaaea,  however,  the  Cole-Cole  diagram 
appro ache e  a  vertical  line  with  an  intercept  on  the  e'  asia  of  it. 

In  practioe,  the  Cole-Cole  diagrane  obeerved  differ  froai  those  of  Fig. 
13  in  two  waya.  The  first  is  due  to  electrode  polarisation,  diaeuaaed  in 
Section  C.2.1;  the  ceoond  is  due  to  the  feet  that  in  real  aaterials,  the 
dipolar  hindering  aeehanisas  are  not  characterised  siaply  by  one  but  by 

soae  distribution  of  relaxation  tines.  A  variety  of  eapirical  expressions 
have  been  proposed  to  describe  real  dipolar  behavior;  those  by  Cole  and  Cole 
[29],  Davidson  and  Cole  [30],  and  Villiaas  and  Watts  [31,32]  are  aost  often 
cited.  Although  these  expressions  are  eapirical,  each  iaplioitly  specifies 
a  shape  for  the  relaxation  tine  distribution.  A  paraaeter  0,  known  as  the 
distribution  paraaeter,  characterises  the  breadth  of  the  distribution.  This 
paraaeter  ranges  froa  0  to  1,  and  each  expression  reduces  to  the  Debye 
single  relaxation  tiae  when  0*1.  The  Cole-Cole  expression  leads  to  a 
syaaetrio  distribution  of  relaxation  tinea  about  the  aeaa  value.  The  other 
two  expressione  lead  to  asyaaetrie  distributions.  The  Williaas-latts 
formula  assuaos  n  polarisation  decay  funetion  of  the  fora  exp[-(t/rd)^],  in 
conatrast  to  the  a  polarisation  decay  funetion  of  the  fora  exp(-t/vd)  that 
would  result  froa  a  single  relaxation  tiae. 

Figure  14  coapares  the  Cole-Cole  diagraas  for  a  single  relaxation  tine 
(0-1),  the  Cole-Cole  .expression  with  0  -  0.5,  and  the  Vllliaas-Watts 
expression  with  0  -  0.5.  The  Cole-Cole  funetion  foras  a  syaaetrio  arc, 
which  approaches  the  intercepts  with  finite  slope  and  has  a  aaxinua  a"  value 
less  than  The  Williaas-latts  funetion  also  foras  a  flattened 

arc,  but  is  asyaaetrie.  The  shape  of  the  Davidson-Cole  function  is  very 
siailar  to  the  Williaae-Watts  funetion,  as  discussed  by  Lindsey  and 
Patterson  [33].  The  evolution  of  the  Williaas-Watta  funetion  requires 
numerical  aethods  [33,34].  Coaputer  prograas  iapleaenting  this  function 
froa  published  tabular  values  are  readily  available  [35]. 


C.2  Interface  Iffeets 


C.2.1  Kieetrode  Polarisation 

The  eleetrode-resia  interface  is  normally  eleotroeheaieally  blocked  at 
the  low  voltages  used  for  dielectric  aoasureaents.  This  means  that,  just  as 
ia  the  ease  of  aa  aqueous  electrolyte,  the  applied  electric  field  can 
polarise  the  electrodes  by  causing  the  aeeuaulatioa  of  ion  layers.  The 
possibility  of  this  effect  was  noted  by  Kleale  and  Race  [1],  and  has  been 
aodelfd  by  Johnson  and  Cole  [30.  The  first  quantitative  aaalysie  of 
electrode  polarisation  effects  In  epoxy  resin  cure  was  reported  by  Adaaeo  in 
1972  [371.  The  iaplications  of  Adaaee'e  work,  however,  which  are 
substantial,  have  been  largely  overlooked.  New  attention  on  this  problem 


has  ratal  tad  fra  the  rtUtin  proaiatact  of  alaetroda  polarisatioa  tfftett 
ia  lot-(nqan«r  aierodieleetroaatry  data  [3S1*  bat  aa  diteaaaad  ia  Saetioa 
C.2.2,  tba  affaet  ia  equally  iaportaat  ia  parallel-plate  atadiaa  atiag 
blookiag  or  rolaaaa  lajttt. 


Figaro  15  illaatratoa  tba  affaat.  Ia  diraet  aaalogy  to  tba  dipola 
oriaatatioa  aaaapla  of  Saetioa  C.1.2,  tba  iaitially  raadoa  diatribatioa  of 
ioaa  baeoaaa  polarisad  ia  tba  olaatria  fiald,  with  positive  ioaa  aoviag 
toward  tba  aagatiwa  alaetroda,  aad  aagatiwa  ioaa  toward  tba  poaitiwa 
alaetroda.  Baaaaaa  tba  alaetrodaa  ara  blookiag*  tbaaa  ioaa  aeeuamlate  at 
tka  alaetrodaa*  prodaaiag  obargad  layers  at  both  alaetrodaa.  Tbaaa  ara 
aiailar  to  the  ebarge  layer  astabliabad  by  dipola  oriaatatioa*  bat  wbiob  eaa 
hawe  a  aaeb  greater  charge  par  wait  area.  Thus,  viewed  froa  the  alaetrodaa. 
the  ae a cured  aaapla  eapaeitaaeo  Cz  aaa  be  aaeh  greater  thaa  that  produced  by 
the  dipoles.  Tba  parallel  eireuit  of  Figure  3  togatbar  with  tba 

"hoaogeuous  aediua”  a a swap t ioaa  iaplieit  ia  tba  ealibratioa  used  for  the 
aaaauraaaat  results  ia  aa  aaaaraat  peraittivity  a*  wbiob  ia  aueh  greater 
thaa  the  aetual  bulk  peraittivity  a'.  The  ostaat  to  whieb  a*  aad  a*z  differ 
dapaada  oa  the  aaapla  iaboaogeaeity,  as  aeasured  by  tba  tbiekaese  of  the 
charge  layer  relative  to  tba  iater-eleetrode  distaaea. 


To  aatiaata  tba  affaeta  of  alaetroda  polarisatioa,  tba  equivaleat 
eireuit  of  Fig.  Id  eaa  be  used.  It  shows  a  blookiag  layer  eapaoitaaoa 
(actually  the  sarios  eoad>iaatioa  of  two  idaatieal  eapaeitors  —  oaa  at  aaeh 
alaetroda  iatarfaoa)  togatbar  with  a  parallel  K-C  eireuit  rapraaaatiag  the 
bulk  aiatarial.  Tba  separata  tbiekaesses  of  tba  bloekiag  layer  2^  aad  the 
total  speeiaea  leagth,  L.  aust  be  used  to  eoaatruet  tba  eapaeitaaeea  aad 
raaistora.  The  bloekiag  layer  eapaeitaaea  baa  tba  value 


s'e#A 


It. 
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where,  for  aiaplieity,  tba  peraittivity  ia  tba  bloekiag  layer  has  baaa 
a a suae d  to  be  tba  saaM  as  ia  tba  bulk  speeiaea. 


Qualitatively*  it  is  apparaat  that  if  tba  eoaduetivity  is  low*  haaea 
aakiag  R  large*  tba  saaple  will  behave  aa  a  staple  dialaetrie  with  perait¬ 
tivity  a*.  However*  whaa  tba  eoaduetivity  ia  large  aaoagb  so  that  tba 
adaittaaeo  1/1  baeoaaa  greater  thaa  «C,  i.e.*  for  taaft  >  1,  thaa  ebargiag  of 
C.  through  K  baeoaaa  tba  doaiuaat  behavior  of  tba  eireuit.  Uader  tbaaa 
eireuastaaoes*  tba  relative  aagaitudes  of  1  aad  aust  be  azaalaad.  If 
wC^  >  1/1,  thaa  ebargiag  of  Cl  (i.  a.*  alaetroda  polarisatioa)  is  aot 
aigaifieaat.  However,  wbaa  1/1  >  wC^,  the  ebargiag  of  (V  beeoaMs  iaportaat. 
These  arguaaats  lead  to  two  iaequalitias  that  aust  be  satisfied  if  bloekiag 
layer  affects  ara  to  be  observed: 

taaS  >  1  (C-9) 


aad 
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tut  > 
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Tin  eireuit  aodil  of  Fif.  16  ea  bo  analyzed  by  tranaforaiag  tbo 
circuit  to  tbo  equivalent  fora  of  Fly*  3  and  applying  oqnatioaa  B-15  aad  B- 
16.  Tbo  resulting  values  of  c'z  aad  a"z  dopoad  oa  tbo  proportioo  of  tbo 
aodiaa  (o',  a",  aad  taa6)  uA  oa  tbo  ratio  L/2t^,  aa  follow*  [38]: 
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Tbo  oxporiaoatal  loaa  taagoat.  tan&z,  it  obtaiaod  froa  *Mz/a'z«  I®  tbo 
idoal  cat#  of  ao  oloetrod*  polarisatioa  (L  »  tfc),  tboao  oqnatioaa  reduce  to 
a'z  »  s',  *"z  ■  a",  aad  taa8z  •  tanft,  aa  ozpootod. 


Tbo  oxporiaoatal  Cole-Cole  diagraaa  ia  tbo  proaoaea  of  a  polarixatioa 
layer,  area  for  a  aodiaa  ia  wbieb  a'g  ia  soro,  roaoablo  Dobyo-aodol 
seaicirelea.  Tbia  ia  ebaraetoriatio  of  ayataaa  with  a  aiaglo  relaxatioa 
tiae,  wbiob  ia  tbia  oaao  ia  tbo  tiao  roqairod  to  ebargo  tbo  bloekiag  layer 
tbrongb  tbo  aodiaa.  Figaro  17  abowa  oxporiaoatal  data  for  a  DGEBA  roaia  oa 
a  aicrodioleotroaotor  aoaaor  [38]  aaporiapoaed  oa  Cole-Cole  diagraaa 
calcalated  froa  Bqaatioaa  C-ll  aad  C-12.  Tbo  toaporataro  and  froqaoaey  wore 
▼aried  to  aobiowo  a  wide  raago  of  balk  a"  valuta,  aad  for  two  of  tbo  eurves, 
polyiaido  ooatiaga  of  1300  1  and  1.2  pa  war*  aaod  to  ooror  tbo  electrode*. 
Siailar  Colo-Colo  plot*  bawo  beta  reported  by  Zakaa,  ot.  al.,  [39]  ia  a 
parallel-plate  opoxy-ouro  oxporiaoat  ia  wbieb  a  PTFB  bloekiag  fila  waa  aaed 
oa  oao  olootrodo.  Brea  ia  tbo  abaeaee  of  tboao  added  ooatiaga,  aoaiaally 
bare  olootrodoa  ahow  bloekiag  ebaraetoriatiea,  with  a  bloekiag  layer 
tbiekaeaa  of  about  60  1  at  tbo  iatorfaeo  betweea  epoxy  roaiaa  aad  aluaiana 
olootrodoa  [38]. 


Tbo  proaoaoo  of  olootrodo  polarisatioa  layers  eaa  bare  a  profouad 
offset  oa  the  iaterpretatioa  of  dioloetrie  euro  data.  Tbia  is  discussed  ia 
tbo  followiag  soetioa. 


C.2.2  Bloekiag  a ad/or  Koloaso  Layers 

[  It  is  eoaaoa  praetleo,  oitbor  to  briag  tbo  staple  taa8z  witbia  tbo 

raago  of  a  particular  iaatruaoat,  or  for  ooaveaieace  ia  reaoviag  electrode* 
(■  froa  tbo  aaaplo,  to  iaaort  a  tbia  bloekiag  layer  or  release  layer  between 

C  tbo  plates  of  a  parallel-plate  eapaeitor,  or  across  tbo  surfaeo  of  a  eoab 
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•lac trod*.  Im  both  emit  tho  added  blocking  layer  thickness  completely 
changes  the  characteristic  of  the  observed  core  data. 

In  a  typical  rasped  care,  the  specimen  begins  with  a  relatively  snail 
loss  factor,  which  initially  increases  as  the  tesperatnr*  is  increased  dne 
to  a  decrease  in  viscosity*  bnt  vhieh  later  decreases  dn*  to  the  effects  of 
cnr*.  This  has  been  illustrated  scheaatically  in  Fignr*  18  [38].  where  the 
topmost. carve  represents  the  initial  increase  and  subsequent  decrease  of  the 
actual  bulk  tanft  for  a  specimen  during  cur*.  The  remaining  curves  are  the 
values  of  tanftz  that  would  be  observed  experimentally  in  the  presence  of 
either  an  electrode  polarisation  layer  or  an  added  blocking/release  layer 
for  various  values  of  the  ratio  L/2tb.  Not*  that  even  a  thin  release  layer, 
for  example  a  25  |a  (.001")  layer  placed  between  5  mm  spaced  plates,  results 
in  an  L/2t^  ratio  of  100.  Examination  of  Fig.  18  shows  that  for  this  value 
of  L/2t^,  the  amximum  value  of  tanft  actually  produces  a  minimum  in  the 
experimental  taa8z,  and  that  two  subsidiary  maxima  appear  in  tan6z. 

The  literature  is  rich  in  examples  of  this  "upside-down”  minimum  and 
the  secondary  maxima  arising  from  electrode  polarisation  [40-43].  Figure  19 
shows  Lawless*  superposition  of  a  temperature  ramp,  the  viscosity,  and  the 
measured  tanftz  for  the  cur*  of  an  Aveo  SS05  epoxy  resin  with  parallel  plates 
in  the  presence  of  Eapton  release  layers  [42].  The  minimum  viscosity 
corresponds  to  the  minimum  in  tan  ftz,  but  as  has  been  emphasised,  this  tanftz 
minimum  actually  corresponds  to  the  maximum  intrinsic  tanft.  The  agreement 
of  the  tanft  maximum  with  the  viscosity  minimum  is  a  reasonable  result  since 
the  viscosity  minimum  occurs  well  before  gelation,  where  the  resistivity  and 
viscosity  are  correlated.  The  two  subsidiary  maxima  have  been  variously 
ascribed  to  "events”  such  as  "flow"  or  "gelation”,  where  in  fact,  they 
simply  identify  the  point  in  the  experiment  at  which  polarisation  of  the 
blocking  layer  becomes  the  dominant  cleetrioal  feature  of  the  sample. 

The  dependence  of  results  on  L/2t^  also  explains  why  parallel-plat* 
experiments  can  have . calibration  and  reproducibility  problems  if  the  plat* 
spacing  is  not  rigorously  controlled  during  a  cur*.  Comb  electrodes,  in 
spit*  of  the  complexity  of  their  basic  calibration,  offer  the  distinct 
advantage  of  having  a  rigid  and  reproducible  electrode  geometry,  vhieh 
permits  quantitative  evaluation  of  blocking  layer  effects. 

C.2.3  Fibers  and  Fillers 

There  are  several  possible  effects  of  internal  inhomogeneities  such  as 
fibers  and  fillers  on  the  measured  dielectric  properties  of  composites. 
Interfacial  polarisation  can  be  established  at  any  interface  between  media 
of  different  conductivities,  leading  to  semicircular  Cole-Col*  diagrams  as 
discussed  in  Section  C.2.1.  The  parameters  of  the  Cole-Cole  diagram  depend 
both  on  the  dielectric  properties  of  the  media  and  on  their  geometry.  The 
appearance  of  those  apparent  Debye-like  dielectric  relaxations  based  on 
nonuniform  conductivity  within  the  sample  is  generally  referred  to  as  the 
Kaxwell-Wagner  effect,  and  is  well  established  in  the  dielectrics  literature 
[23]. 


For  non-conducting  fibors,  such  as  glass,  tbs  aatrix  resin  is  tbe  more 
conduct Its  phase,  at  least  earl y  in  cure,  and  one  would  expect  soae  internal 
polarisation  effeets  to  be  visible  in  parallel-plate  data.  However,  in 
spite  of  a  large  body  of  literature  on  glass  fiber  eoaposites  (see  Section 
E),  we  have  found  no  clearly  doeuaented  eases  of  Maxwell-Vagner  effeets  in 
fiber-reinforced  eoaposites.  Ve  speeulate  that  the  widespread  practice  of 
using  release  filas  aay  ob scare  the  effeets  of  internal  polarisations. 
Another  possible  explanation  is  the  difficulty  of  obtaining  quantitative  and 
reproducible  eoaparisons  between  neat  resin  and  aatrix  resin  data.  For 
exaaple,  Bidstrup,  et.  al.,  [44],  using  aierodieleetroaetry,  have  noted  a 
quantitative  discrepancy  between  the  dielectric  properties  of  (1)  a  aatrix 
resin  aeasured  in-situ  during  cure  of  a  glass  circuit-board  laainate  and  (2) 
a  saaple  of  neat  resin  flaked  froa  the  staged  prepreg  and  cured  apart  froa 
the  glass  fibers.  The  in-situ  resin  showed  higher  conductivity,  possibly 
attributable  to  additional  ions  froa  the  fiber  or  fiber  sixing;  no 
definitive  explanation  has  been  established. 

In  the  case  of  graphite  fibers,  the  fiber  itself  is  aore  conductive 
than  the  resin,  which  can  significantly  affeot  parallel-plate  aeasureaents. 
Nevertheless,  Pike,  et.  al.,  in  1971  [45]  reported  suoeessful  dieleetrie 
aonitoring  of  cure  in  graphite-epoxy  and  graphite-polyiaide  laainates  using 
parallel-plate  copper  electrodes  separated  froa  the  laainate  by  glass 
release  cloth.  Their  data  show  the  pair  of  aaxiaa  cited  in  the  previous 
section,  which  aay  be  due  either  to  internal  interfaoial  polarisation  or  to 
electrode  polarisation.  As  with  the  non-conducting  fibers,  there  has  been 
no  definitive  observation  of  Maxvell-Vagner  effeets  in  graphite  eoaposites. 


D.l  Oturil  Iims 


Tbit  section  addresses  the  effects  of  temperature  sad  care  oa  the 
▼srioas  microscopic  mechsaisms  preseated  ia  Seetioa  C.  Siaee  temperature  is 
s  hey  vsrisble  ia  determiaiag  the  rate  of  care  processes,  sad  siace  all  of 
the  microscopic  mechsaisms  are  depeadeat  directly  oa  temperature  as  well  as 
indirectly  oa  time  sad  temperature  through  the  care  reaction,  it  will  prove 
useful  to  examine,  first,  the  temperature  behavior  of  epoxy  resias  them¬ 
selves  (without  curiag  sgeat),  sad,  secoad,  the  correspoadiag  behavior  ia 
systems  uadergoiag  cure.  Of  the  various  epoxy  resias,  most  of  the  quaatita- 
tive  studies  iavolve  the  diglycidyl  ether  of  bisphenol-A  (DGEBA) ,  hsviag  the 
geaersl  formula 


where  a  iadiestes  the  degree  of  chsia  exteasioa  of  the  resia. 

Figure  20  shows  the  temperature  depeadeaee  of 'the  permittivity  sad  loss 
factor  for  a  DGEBA  epoxy  resia  (EPON  828;  a  ar  0.2)  ia  the  vieiaity  of  its 
glass  trsasitioa  (T  -  >17  *C),  measured  st  frequeaeies  between  0.1  and 
10,000  Hs  [461.  At "temperatures  veil  below  T_,  the  permittivity  st  all 
frequeaeies  has  a  value  of  4.2  (the  uarelaxed*permittivity) ,  sad  the  loss 
factor  is  below  0.1.  As  the  temperature  approaches  T_,  the  dipoles  gala 
sufficieat  mobility  to  eoatribute  to  the  permittivity,  with  evidence  of  this 
mobility  iacrease  oceurriag  first  at  the  lowest  frequency.  Tith  a  further 
increase  ia  temperature,  the  permittivity  for  a  givea  frequeaoy  levels  off 
at  the  relaxed  permittivity,  which  thea  decreases  due  to  iacreasiag  tempera¬ 
ture  (see  Seetioa  0.3),  sad  thea  abruptly  iaoreaaes  agaia  as  a  result  of 
electrode  polarixatioa  (Seetioa  C.2).  At  each  frequeacy,  a  dipole  peak  is 
observed  ia  the  loss  faotor,  vhleh  thea  rises  continuously  with  temperature 
due  to  aa  iacreasiag  ioaio  conductivity.  The  frequency  at  which  the  dipole 
loss  peak  oeeuxs  is  proportional  to  the  average  dipole  mobility.  The  ionic 
conductivity  is  proportional  to  the  ioale  mobility.  Both  the  frequency  of 
maximum  loss  sad  the  ioaie  conductivity  increase  by  many  orders  of  magaitude 
over  a  narrow  temperature  range,  a  charaeteristie  of  relaxation  processes 
very  close  to  the  glass  trsasitioa  temperature. 

Figure  21  shows  the  permittivity  and  loss  factor  for  aa  isothermal  cure 
(137  *C)  of  DGEBA  (EP0N  825;  a  ar  0)  with  diamiaodipheaylsulfone  (DOS)  [47]. 
To  a  first  approximatioa,  the  data  are  the  mirror  image  of  Fig.  20,  support¬ 
ing  the  idea  that  the  effect  oa  electrical  properties  of  the  increase  ia  T 
duriag  isothermal  cure  might  be  similar  to  the  effect  of  a  decrease  ia 
temperature  at  fixed  T  .  Examiaatioa  of  Fig.  21  shows  one  important  dif¬ 
ference  between  the  temperature  sad  cure  depeadeaces,  namely  that  the 
relaxed  permittivity  decreases  with  cure  time  under  isothermal  coaditioas. 
This  is  a  direct  resnlt  of  the  changing  chemistry,  as  discussed  further  ia 
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Section  0.3.  The  detailed  behavior  of  the  dipolar  nobility  ia  ezanined  in 
Section  B.4,  and  of  the  ionic  nobility  in  Section  D.5. 

We  shall  see  that  throughout  the  literature  there  has  been  an  inplicit 
assumption  of  thernally  activated  processes*  both  for  cure  kinetics  end  for 
the  intrinsic  dipolar  and  ionic  nobilities.  However*  it  is  well  known  that 
reaction  kinetics  become  diffusion  controlled  at  the  later  stages  of  cure, 
which  leads  to  deviations  from  simple  rate  equations  toward  kinetics 
dominated  by  diffusive  nobilities  [48].  Furthermore,  poet-cure  studies  of 
dipolar  nobilities  [49-52]  and  studies  of  ion  nobilities  in  epory  resins 
[44]  suggest  that  their  temperature  dependences  are  described  by  the 
Williams-Lande 1-Ferry  equation  [53]  rather  than  by  Arrhenius  behavior. 

Taken  together,  it  is  fair  to  say  that  a  comprehensive  model  of  dielectric 
properties  during  a  thermoset  oure,  including  proper  chemical  kinetics  and 
correot  relations  between  state  of  cure,  temperature,  and  the  various 
dielectric  parameters,  has  not  yet  been  developed.  However,  there  have  been 
significant  strides  toward  this  goal,  as  the  remainder  of  this  article  will 
demonstrate. 

Two  more  difficulties  require  comment.  The  first  ia  that  in  most  of 
the  early  literature,  authors  did  not  recognize  the  importance  of  electrode 
polarization,  and,  hence,  failed  to  make  quantitative  allowance  for  the 
presence  of  blocking  and/or  release  layers.  Thus,  ia  most  cases,  it  is  not 
possible  to  reconstruct  quantitative  bulk  properties  fron  the  data 
presented.  (The  present  authors  were  not  immune.  They  reported  a 
correlation  between  a  "dielectric  relazation  time"  and  viscosity  [54], 
failing  at  that  time  to  realize  that  the  relazation  time  being  studied  was 
actually  the  characteristic  time  for  electrode  polarization,  and,  hence  was 
dominated  by  conductivity.) 

A  second  difficulty  is  due  to  an  accident.  In  Belmonte' s  1959  study  of 
several  epozy  rosins  [55],  the  time  to  gel  and  the  time  to  vitrify  were  very 
close  to  one  another..  Belmonte  identified  the  dipole  peak  as  arising  from 
the  gelation  event,  a  conclusion  which  has  been  widely  cited.  The 
incorrectness  of  this  assignment  was  noted  as  early  as  1955  by  Olyphant 
[55],  who  in  an  ezcellent  tutorial  review  of  dielectrio  properties  of  curing 
systems,  dearly  identified  the  dipole  peak  with  vitrification.  Olyphant 
also  stated,  in  agreement  with  the  pioneering  work  of  Warfield  and  Petree 
[57,58],  that  there  arc  no  electric  "events"  accompanying  gelation.  In 
spite  of  these  unambiguous  statements  in  the  early  literature,  attempts  at 
the  electrical  identification  of  gelation  continues  as  a  theme,  aggravated 
by  the  artifacts  associated  with  conductivity  and  electrode  polarisation. 
This  accidental  assignment  of  electrical  signatures  to  gelation  is  discussed 
further  ia  See.  D.5. 

D.2  Eolation  with  Klmetiea 

In  order  to  understand  the  relation  between  the  chemical  kinetics  of  a 
thermosetting  system  sad  the  corresponding  changes  in  dielectric  properties, 
it  ia  important  to  separate  the  various  mechanisms  giving  rise  to  such 
changes.  The  relazed  permittivity  is  directly  sensitive  to  the  changing 
chemical  composition,  because  it  depends  on  the  concentrations  of  the 
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various  polar  aolecular  segments  (see  Section  D.3).  The  dipolar  nobilities 
(Section  D.4)  and  the  ionic  nobilities  (Section  D.S)  depend  on  the  extent  of 
reaction  priaarily  through  the  change  in  T#  during  cure,  and  this  dependence 
on  T  can  be  described  by  the  WLF  equation.  The  recognition  of  this  ¥LF 
dependence  is  so  recent  that  there  have  been  no  kinetic-dielectric  studies 
which  include  it.  Instead,  a  variety  of  empirical  relations  between 
dielectric  properties  and  eure  have  been  reported,  principally  in  epoxy 
systeas.  These  kinetic  studies  are  reviewed  in  this  section. 

The  sinplest  fora  of  eapirical  kinetic  information  comes  froa  rates  of 
change  of  experimental  properties,  such  as  the  tiae-rate-of-change  of 
conductivity,  or  the  eure  tiae  to  reach  a  specific  event,  such  as  a  dipole 
loss  peak.  The  earliest  quantitative  analysis  of  such  data  was  by  Kienle 
and  Race  [1]  who  established  a  linear  correlation  between  extent  of 
esterification  of  alkyd  resins  and  the  corresponding  log  of  resistivity  (the 
resistivity,  p,  is  the  inverse  of  conductivity).  Practical  exaaplea  of  the 
use  of  such  eapirioal  kinetic  information  are  reviewed  in  Section  B. 

Warfield  and  Petree  [57,58],  working  both  with  diallyl  phthallate  and  epoxy- 
aaine  resins,  studied  the  relation  between  the  log  of  resistivity  and  cure 
tiae  at  various  teaperaturea.  By  identifying  dlog(p)/dt  aa  an  eapirical 
reaction  rate  (an  unjustified  assuaption;  see  See.  D.5),  they  inferred  a 
teaperature  dependence  for  the  reaction  rate,  and  calculated  an  activation 
energy. 

The  first  attempt  to  relate  changing  dielectric  properties  to  kinetic 
rate  equations  was  by  Kagan  et.  al.  [59],  working  with  a  series  of 
anyhydride-eured  epoxies.  Building  on  Warfield's  as  suae d  correlation 
between  dlog(p)/dt  and  do/dt,  where  a  is  the  extent  of  epoxide  conversion, 
they  assusMd  a  proportionality  between  a  and  log(p),  and  aodeled  the 
reaction  kinetics  using  the  equation 

da/dt  ■  k(l-u)“  (D-l) 

where  k  is  the  rate  constant  and  a  is  the  eapirical  reaction  order.  Siailar 
analyses  using  ath-order  kinetics  have  been  done  by  Aoitelli  et.  al.  [60], 
working  with  diglycidyl  ether  of  bisphenol-A  cured  with  a-phenylene  diamine, 
and  by  Adaaeo  [37],  working  with  a  commercial  epoxy  novolae  resin  (Dow  DEN 
438)  cured  isotheraally  with  3  phr  BF3-aonoethylaaine.  Kagan  extracted 
eapirical  rate  eonstanta  and  activation  energies  froa  his  resistivity  data, 
but  did  not  eoapare  these  results  with  other  aethods.  Aoitelli  used  both 
DSC  and  IR  data  prior  to  gelation  to  eoapare  against  resistivity  data 
obtained  after  the  break  in  log(p)  versus  tiae  (which  they  claia  is 
gelation;  see  See.  0.5  for  a  discussion).  They  find  the  saae  rate  constant 
froa  all  aethods,  but  the  eapirical  reaction  order  they  Bust  use  varies 
enormously  depending  on  the  experiaental  method  and  on  the  teaperature 
range.  A  siailar  problea  in  reaction  order  was  reported  by  Adaaec. 

One  difficulty  with  such  eapirical  approaches  based  on  the  dielectric 
properties  is  that  they  tend  to  oversimplify  the  chemical  kinetics,  which 
usually  are  obtained  froa  independent  theraal  analysis  studies  coupled  with 
other  aeasureaenta  [61].  The  epoxy-aaine  reaction,  for  exaaple,  is 
catalyzed  by  hydroxyl,  hence  becoaes  autocatalyzed  as  the  cure  proceeds 


[62].  Ia  addition,  an  etherification  reaction  can  conpete  with  the  aaine 
reaction,  leading  to  conplez  branched  kinetics.  Sonronr  and  Canal  [63], 
working  with  DGEBA  eared  with  n-phenylene  diaaine,  developed  an 
autocatalyzed  kinetic  aodel  for  epoxy-aaine  syateaa  naing  iaotheraal  DSC 
aeaanreaenta.  Hngnenia  and  Clein  have  extended  the  kinetic  studies  to  the 
diffnsion-controlled  regiae  [48].  The  nse  of  these  aodels  to  analyze  the 
change  in  relaxed  peraittivity  dnring  the  aaine  cure  of  a  difunctional  DGEBA 
epoxy  is  discussed  in  the  following  section. 

In  other  eheaieal  systeas,  such  as  tetrafunctional  epoxies,  polyinides, 
phenolies,  and  polyesters,  there  have  been  few  atteapts  [64,65]  to  establish 
quantitative  relationships  between  cheaioal  kinetios  and  dielectric 
properties. 

D.3  Relaxed  Permittivity 

The  relaxed  peraittivity  er  neasurea  the  aaxiaua  dipolar  alignaent  that 
can  be  achieved  at  a  given  teaperatnre  and  eheaieal  state.  It  is  observed 
at  frequenciea  sufficiently  low  to  allow  dipolar  alignaent,  but  sufficiently 
high  to  avoid  electrode  polarization  effects.  In  Figs.  20  and  21,  the 
variation  of  sz  with  either  teaperatnre  or  cure  aust  be  obtained  by  piecing 
together  the  snail  intervals  at  each  frequency  where  the  peraittivity  data 
follow  sr.  Generally,  sf  decreases  with  increasing  teaperatnre,  and  for  the 
case  of  epoxy-aaine  cure,  decreases  with  increasing  cure  tine. 

The  quantity  sr  ia  directly  sensitive  to  the  detailed  eheaieal 
composition  of  the  sample.  However,  the  quantitative  theory  that  relates 
the  observed  sc  to  the  concentrations  and  dipole  aonents  of  the  various 
pola.r  segments  present  has  proved  quite  difficult  to  use.  The  simplest 
spproach  is  based  on  the  Clausius-Mosotti  equation  as  nodified  for  permanent 
aoaents  by  Debye  [28].  The  Debye  approach,  although  overly  simple,  revealed 
that  sr  should  decrease  with  increasing  teaperatnre,  and  should  reflect 
changing  concentrations  of  polar  constituents  during  a  reaction. 

The  first  atteapt  to  use  these  ideas  ia  epoxy  cure  was  by  Fisch  and 
Hofaann  [66],  but  their  assignment  of  peraittivity  changes  to  changes  in 
polar  group  concentrations  was  aarred  by  what  we  interpret  as  electrode 
polarization  effects.  Blyakhaan  at.  al.  [51,52],  exaained  the  post-cure 
dielectric  peraittivity  and  loss  tangent  of  anhydride-cured  and  aaine-cured 
DGEBA  resins.  Their  data  are  siailar  to  that  for  the  EPON  828  resin  in  Fig. 
20.  Based  on  an  observed  variation  of  the  post-cure  sr  with  the  molecular 
weight  of  the  DGEBA  resin,  they  argue  that  the  principal  contribution  to  er 
ia  froa  hydroxys the r  groups  in  the  epoxy  chain.  Their  conclusion  is 
reasonable,  since  their  experiments  were  after  cure,  and  the  highly  polar 
curing  agent  and  epoxides  had  reacted. 

Huraux  and  co-workers,  in  a  aeries  of  papers  [67-70],  and  aore 
recently,  Sheppard  [71],  have  attempted  quantitative  interpretation  of  sr 
during  an  epoxy  cure  in  terns  of  the  changing  concentrations  of  constituent 
polar  groups.  They  used  a  theory  by  Onsager  which  iaprovea  Debye's  original 
theory  to  account  for  local  dipole  fields  [see,  for  exaaple,  23].  The 
Onsager  theory,  expressed  below,  requires  soae  explanation: 
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This  equation  assnasa  that  all  dipolaa  ara  independent.  It  relates  the 
values  of  er  and  eQ  aeasnred  at  teaperature  T  to  the  eoneentrations  Nj  and 
dipole  aoaents  jx^  of  the  polar  speeiea  (k  ia  Boltzaann’s  constant  and  cQ  is 
the  peraitivity  of  free  space). 

Hnranz  et.  al.,  [58]  nsed  the  Onsager  theory  to  analyse  the 
peraittivity  of  a  DGEBA  resin  (n-0.2)  cared  with  a  cycloaliphatic  diaaine. 
They  assaaMd  that  all  of  tha  polar  behavior  coaid  be  attribated  to  epoxide 
groaps  (see  below  for  an  iaproved  a s snap t ion),  and  thas  extracted  the  tiae 
rate  of  change  of  epoxide  groapa  froa  the  aeasared  rate  of  ohange  of  *r 
daring  care  aaing  the  tiae  derivative  of  both  aidea  of  Eqn.  D-2  (eQ  did  not 
change  either  with  teaperatare  or  care).  The  au  and  er  values  were  obtained 
by  exaaining  the  Cole-Cole  plota  of  the  dipole  relaxation  data  and 
extrapolating  the  area  to  their  endpoints  [87]  (see  Sec.  D.4  for  additional 
details).  The  rate  of  epoxy  oonsaaption  was  integrated  to  obtain  the  extent 
of  conversion,  which  was  then  used  to  ealealate  an  average  aoleenlar  weight 
which  was  foand  to  correlate  with  viscosity  through  a  power  law. 

Sonalaia  et.  al.  [70]  extended  this  approaoh  to  a  sp^ii  ie  rate 
equation  for  the  cheaical  kinetics,  which  they  followed  independently  by 
titration  for  anreacted  epoxide.  The  systea  studied  was  a  low  aoleeular 
weight  DGEBA  resin  cared  with  a  cycloaliphatic  diaaine.  All  their 
aeasareaents  were  at  rooa  teaperatare.  The  titration  data  agreed  well  with 
a  second-order  rate  equation  for  the  disappearance  of  epoxide,  bat  in 
atteaptiag  to  aaaiga  the  reaction-dependent  decrease  in  the  dielectrically 
derived  entirely  to  the  disappearance  of  epoxide  groaps  (i.e.,  to 

decreases  in  Nj  for  epoxides) ,  they  were  forced  to  the  unsatisfactory 
conelaaion  that  the  effective  epoxide  aoaent  was  changing  daring  ease. 

Their  dipole  aoaent  values  were  5.3  x  10”30  C-a  per  epoxide  groap  for  the 
pare  resin,  increasing  to  7.1  x  10“30  C-a  when  initially  aixed  with  earing 
agent,  and  subsequently  decreasing  to  6.24  x  10"^  C-a  at  the  end  of  care. 

One  implication  of  Sonalaia ’s  resalt  is  that  the  caring  agent  plays  a 
significant  role  in  dctcraining  e_.  This  naans  that  both  the  oaring  agent 
concentration  and  aoaent  aast  be  deterained  as  part  of  the  analysis. 

Sheppard  [71]  has  atteapted  this  for  the  DGEBA  (n*0)  systea  eared  with  DDS. 
Figure  22  shows  tr  versus  care  tiae  at  several  teaperatares,  obtained  froa 
data  like  that  of  Fig.  21.  The  extent  of  conversion  was  deterained  as  a 
function  of  tiae  at  each  teaperatare  froa  independent  DSC  data  analysed  with 
the  aatocatalyxed  reaction  kinetics  aodel  of  Souroar  and  Xsaal  [63],  which 
assaaes  that  the  priaary  and  secondary  aaines  react  at  the  saae  rate,  and 
farther  assaaes  that  hoaopolyaerisatioa  of  the  epoxy  is  negligible.  This 
aodel  fits  the  DSC  data  up  to  about  60%  epoxy  conversion,  st  which  point  the 
reaction  kinetics  becoae  notieably  diffusion  controlled.  Up  to  60% 
conversion,  however,  the  kinetic  aodel  can  be  used  to  ealealate  the 
concentretions  of  priaary,  secondary,  and  tertiary  aaines  ss  functions  of 
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tine  at  ••0k  our#  temperature.  Bated  oa  the  kinetic  model.  Sheppard 
eztraeta  the  temperature  dependence  of  e  i£  conetant  UBUltM*  Figure  23 
shows  the  correaponding  Onaager  theory  plot#  i.e.«  the  left-hand-aide  of  Eq. 
D— 2  plotted  againat  1/T.  Linea  extrapolated  through  the  data  pointa  do  not 
interaect  the  origin.  Indicating  that  the  simple  Onaager  theory  faila. 

A  aimilar  failure  of  the  Onaager  model  haa  been  reported  for 
polyaeetaldehyde  by  Villiama  [72] •  and  in  epoxy  reaina  by  Sheppard  [731. 
Williama  was  able  to  analyze  the  polyaeetaldehyde  data  in  terma  of  a 
temperature  dependent  correlation  between  neighboring  dipolee  baaed  on  a 
conformational  model  of  the  polymer  chain,  and  Sheppard  haa  noted  [351  that 
qualitatively-  aimilar  conformational  iaanea  abould  apply  to  the  epoxide  and 
hydroxyl  groupa  in  the  epoxy. 

Both  the  alope  and  intercept  point  in  Fig.  23  change  with  inereaaing 
extent  of  eonvoreion.  which  may  be  due  to  changing  N^'a  *nd  a  changing 
interdipole  correlation.  To  aimplify  the  analyaia.  an  empirical 
modification  to  the  Onaager  equation  waa  need  to  analyze  the  data: 
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where  T  ia  the  empirical  temperature  at  which  the  plot  interaeeta  the  axia 
for  extent-of-converaio'n  a.  It  ia  implieitly  aaaumed  that  the  coneentra- 
tiona  of  each  polar  group.  N.,  depend  on  a  baaed  on  the  chemical  kinetica. 

The  data  in  Fig.  23  were  analyzed  uaing  thia  model  aaauming  three  polar 
groupa.  unreacted  epoxide,  priawry  aminea.  and  reacted  aminea  (both  aecond- 
ary  and  tertiary).  Except  for  the  dipole  momenta  for  each  apeciea,  |i.,  all 
quantitiea  in  Eq.  D-3  were  known  up  to  60b  oonvereion.  A  fit  to  the  data 
yielded  the  agreement  ahown  aa  the  eolid  linea  in  Fig.  22  uaing  a  dipole 
moment  of  7.6  x  10”3®  C-m  for  the  epoxide.  14.8  x  10“  for  the  primary 
amine,  and  12.6  x  10"30  for  the  reacted  amine.  The  larger  moment  valuer  for 
the  amine  conatituenta  demonatrate  the  aignifieant  contribution  they  make  to 
the  total  eff  value. 

The  work  of  Eurauz,  Soualmia*  and  Sheppard  haa  demonatrated  that  it  ia 
poaaible  to  make  a  quantitative  interpretation  of  the  et  valuer  (within  the 
Unite  of  an  admittedly  difficult  theory),  and  that  the  ar  value  ia  directly 
linked  to  the  ehemieal  changer  during  cure.  However,  beeauae  of  the 
complicatione  introduced  by  dipole  correlatioaa,  the  relaxed  permittivity  ia 
not  a  uaeful  tool  for  routine  quantitative  determination  of  polar  reactive 
group  conceatratioaa  during  oure. 


D.4  Dipolar  Kelaxatioaa 

Thia  section  addresaea  the  effects  of  temperature  and  cure  on  the 
dominant  dipolar  relaxation,  i.e..  the  o-trsnsitioa  between  the  unrelaxed 
and  relaxed  permittivity,  with  its  associated  loaa-f actor  peak.  As 
illustrated  in  Figs.  20  and  21.  thia  dipolar  relaxation  ia  observed  aa  the 
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temperature  iaeniiM  through  T  ,  or  during  a  cor*,  as  T  increases  toward 
and  swan  through  the  onrs  temperature. 

Discussion  of  the  dipolar  relaxation  involves  two  iaauea:  first,  the 
average  dipolar  mobility  at  a  given  tenperatnre  and  degree  of  conversion,  as 
aeasnred  by  the  frequency  of  the  aaziaua  in  the  loss  factor  fM.  (or  by  its 
reoiproeal,  the  typical  dipolar  relaxation  tine  r^),  and,  second,  the 
detailed  distribution  of  relaxation  tiaes  as  aeasnred  by  the  frequency 
dependence  of  the  peraittivity  and  loss  factor.  In  spite  of  the  clear 
evidence  that  the  dipolar  relaxation  is  associated  with  the  glees  transition 
[Silt  i.e.  with  vitrification  of  a  curing  resin,  there  is  also  evidence  that 
early  in  cure,  the  dipolar  relaxation  tiae  correlates  with  visoosity  [67- 
70,74,75].  Because  the  viscosity  becoaes  infinite  at  aelation.  it  is  alaost 
"natural"  (yet  incorrect)  to  aesign  the  dipolar  relaxation  to  gelation  (551. 
The  conflict  in  the  literature  can  be  resolved  by  exaaining  the  fundaaental 
role  that  polyaer  chain  nobility  plays  in  both  the  viscosity  and  dipolar 
aobility. 

It  is  helpful  to  begin  the  discussion  with  dipolar  relaxations  in  pure 
epoxy  resins,  where  the  eoaplezifcy  of  the  gelation-vitrification  issue  is 
absent.  The  VLF  equation  [53],  which  is  widely  used  to  aodel  the  teaperature 
dependence  of  aobility-related  aaterial  properties,  has  the  fora 
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where  the  shift  factor  a.  is  defined  as  the  ratio  of  the  property  of 
interest  at  teaperature  i  to  the  sane  property  at  a  reference  tenperatnre  Tg 
(taken  as  T  in  the  present  discussion),  and  where  the  sign  of  the  right- 
hand-side  if  chosen  according  to  the  sign  of  the  teaperature  dependence  of 
the  property  being  analysed.  Cj  and  C»  are  constants,  initially  speculated 
as  having  universal  values,  but  actually  depending  on  the  aaterial  systea 
and  on  the  property  being  aeasnred.  The  iaportant  point  is  the  dependence 
of  the  shift  factor  on  the  difference  T-Tg. 

Sheppard  [46]  hue  aeasnred  the  teaperature  dependence  of  fMX  for  a 
homologous  series  of  D8IBA  epoxy  resins  with  n  ranging  froa  0  to  12.  The 
results  are  plotted  in  Arrhenius  fora  in  Fig.  24.  While  it  is  tempting  to 
assign  activation  energies  to  these  data,  careful  analysis  shows  that  there 
is  curvature  in  the  data,  and  that  the  results  are  better  described 
by  the  WLF  equation.  The  solid  curves  in  Fig.  24  are  Sheppard's  VLF  fit  to 
the  data,  which  yielded  constants  Cj  and  Cj  that  are  eoapsrable  to  the 
"universal"  Cj  and  C«  values.  However,  the  constant  for  the  high 
aolecular  weight  resins  (n>2)  was  50%  of  the  value  for  the  low  MV  saaples 
(n-0,  0.2).  The  C*  value  decreased  only  slightly  with  n,  and  had  a  mean 
value  of  54  *C.  Tne  decrease  was  attributed  to  the  increasing  dipolar 
contribution  of  faydrozyether  noietics  in  the  higher  sMleeular  weight  resins, 
and  to  the  speculation  that  these  require  less  free  voluae  to  relax  than  the 
polar  epoxide  endgroupe. 

To  connect  these  results  to  the  dielectric  relaxation  in  curlna  sys- 
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teas,  it  is  asefal  to  exaaiae  the  eost-caro  data  of  Shlto  at.  al.  [49*50] 
and  of  Blyakhasa  at.  al.  [51*52].  Figaro  25  allows  the  fit  of  Shito's  data 
for  Tq  (tha  raoiproeal  of  fM_)  to  tha  VLF  eqaatioa  for  a  sariaa  of  DGEBA 
resias  eared  with  a  variety  or  aahydrides  [50].  Ia  this  eaaa*  tha  data  wara 
fit  to  tha  aaiversal  VLF  eqaatioa,  usiag  tha  rafaraaea  taaparatara  as  aa 
adjaatabla  paraaatar,  whiah  fall  ia  tha  raaga  55  -  61  *C  above  T  for  tha 
various  aaaplas.  * 

Tha  epoxy  raaia  data  aad  tha  poat-eara  data*  tahaa  togathar.  show  that 
tha  dipolar  ralazatioa  ia  aaaooiatad  with  tha  taaparatara  dapaadaaea  of  the 
polyaer  ehaia  Mobility  ia  tha  vie laity  of  tha  glaaa  traasitioa.  Tha  VLF 
aaalysia  of  tha  dipolar  ralazatioa  darlaa  oara  has  aot  baaa  carried  oat.  Ia 
order  to  eoaplete  tha  aaalysia*  correlated  aeasareaeats  of  T  ,  aztaat  of 
oara,  sad  dielectric  properties  asst  be  aada  as  faactioas  of  oara  tiaa  aad 
taaparatara.  Ia  tha  abaaaca  of  each  dafiaitiwa  stadias*  rarioas  iadiraet 
aathoda  haws  baaa  aaployad  to  aaalysa  dielectric  ralazatioas  ia  cariag 
ayataaa,  aa  described  below. 

Tha  first  aathod  has  baaa  to  draw  oa  aa  ezpeeted  corralatioa  batweea 
tha  ralazatioa  tiaa  aad  viscosity  (prior  to  galatioa).  Tha  corralatioa 
derives  froa  eleaeatary  ooasidarstioas  of  viseoas  drag  oa  dipoles*  aad  was 
origiaally  predicted  by  Dabya  [28].  Barasz  aad  co-workers  vara  tha  first  to 
report  qaaatiative  correlatioas  batweea  tha  aaaa  dipole  ralazatioa  tiaa  aad 
viscosity  dariag  epoxy  core  [67-70].  Lace.  at.  al.*  have  also  reported  each 
a  corralatioa  [74*75].  Fartharaoca*  the  viscosity  has  raoaatly  baaa 
aaslyzed  froa  a  VLF  poiat  of  view.  Tajias  aad  Crosier  [76].  aad  Apieella* 
at.  al.,  [77]  have  deaoastrated  that  the  taaparatara  dapaadaaea  of  tha 
viscosity  dariag  aa  epoxy  care  esa  be  described  by  a  VLF  eqaatioa  with  a 
rafaraaea  taaparatara  that  iaeresses  with  iaeraasiag  aztaat  of  coaversioa. 

Tha  i^lieatioa  of  all  these  rasalts  is  a  pradictioa  that  tha 
tSIPWtVgt  fltaiadVMV  al  JJUt  dtaal*  Ulilltloa  tiaa  Al  fixed  coaversioa 
will  obey  tha  TIP  aaaatloa  sad  that  Up  rafaraaea  taaparatara  will  track  tha 
slsss  traasitioa  gj.  XI  lacraasas  darlaa  care.  Vork  oa  this  is  carraatly 
aadar  way  at  several  laboratories. 

A  sacoad  aathod  for  aaalysiag  tha  dipolar  ralazatioa  la  cariag  systeas 
is  to  coapsrs  isotheraal  care  tiaa  required  to  reach  tha  dipole  loss  peak 
with  cars  tiaa  raqaired  to  reach  other  sweats,  each  as  vitriflcatioa  as 
aaasarad  with  torsioaal  braid  aaalysia.  Oae  iaterestiag  rasalt  of 
Sheppard's  aaalysls  of  para  epoxies  [46]  is  that  tha  loss  pash  aaasarad  ia 
tha  freqaeaoy  raaga  1-3  Es  tracks  T_  as  aassarad  by  DSC.  fixtrapolatiag  froa 
this  rasalt,  oas  aspects  that  dariag  cars  tha  tiaa  to  reach  tha  dipole  loss 
peak  at  aboat  1  Hz  shoald  fall  aasr  tha  vitriflcatioa  boaadary  of  tha  tiaa- 
teaperature-traasforaatioa  (TIT)  diagraa  [78].  Ia  aost  cariag  systeas, 
however,  tha  low  fraqaaacy  dipole  loss  peaks  at  typical  ears  teaperatuzjs 
are  obscarad  by  tha  coadactivity;  as  s  rasalt,  tha  dipole  peak  is  observable 
oaly  at  higher  freqaeaeies.  Navarthalass,  both  tha  prasaat  sathors  [47]  aad 
Zakas*  at.  al.  [79]  have  foaad  that  tha  taaparatara  dapaadaaea  of  tha  tiaa 
to  reach  tha  dipole  peak  agrees  with  tha  taaparatara  dapaadaaea  of  tha  tiaa 
to  reach  vitriflcatioa.  Figaro  26  illastrates  tha  loss-peak  data  at  two 
freqaeaeies  for  ETON  825  earad  with  DOS  sapariaposad  oa  tha  ITT  diagraa 
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measured  by  Bams  tad  Gillhaa  os lag  torsioaal  braid  aaalysia  [47].  Vbila  the 
parallel  tread  with  ear#  taaperator#  ia  clear,  the  abaolate  tiae  to  reaeh 
the  dipole  pe ah  at  higher  frequencies  ia  syateaatieally  shorter  thaa  the 
tiae  to  reaeh  vitrifiestioa. 

Ve  aov  ezaaiae  briefly  the  distribatioa  of  relaztioa  tiaes.  The  most 
direct  CTideaee  for  a  distribatioa  of  relazatioa  tiaea  ia  the  departare  of 
the  Cole-Cole  plot  froa  a  perfeet  seaieirele.  as  illastrated  ia  Fig.  14. 
Whether  oae  aaea  a  Cole-Cole  [29].  Davidson-Cole  [30]  or  a  Williaas-Vatts 
[31.32]  faaetioa  to  daseribe  this  distribatioa,  a  deerease  ia  the  paraaeter 
P  to  leas  thaa  Baity  iadieates  a  distribatioa  of  relazatioa  tiaes.  Aa  early 
aa  19(5,  Olyphaat  [56]  aoted  that  p  was  leas  thaa  aaity,  sad  decreased 
during  the  ears  of  aa  aahydrido-eared  epozy,  iadieatiag  a  broader 
distribatioa  of  relazatioa  tiaea  after  care.  Haraaz  aad  co-worker a  [67,  70] 
siailarly  report  a  broadeaiag  of  ralazatioa  tiae  distrabtioa  daring  ears. 
Sheppard  [35]  has  obaerred  a  considerable  deerease  ia  the  Williaas-Watts  p 
with  iaereaaiag  aoleoalar  weight  of  DGEBA  resiaa,  aad  also  daring  the  ears 
of  EPON  825  with  DOS.  Daly  aad  Pethziek  [80]  azaaiaad  the  relazatioa  data 
for  rubber-aodified  epozles.  aad  foaad  that  P  was  seasitiwe  to  the  robber 
eoateat  of  the  resia. 

The  relation  between  the  changing  relazatioa  tiae  distribatioa  and  the 
aoleoalar  straotare  of  the  earing  ayatea  has  not  been  deterained.  There  ia, 
howewer,  oae  important  ezperiaeatal  iaplieatioa  to  these  obserwatioaa. 
Boesnae  both  ax  and  p  ehaage  daring  ears,  oae  aaat  actually  measure  the 
coaplete  frequency  depeadeaee  of  the  a'  aad  a”  at  a  given  state  of  care  in 
order  to  eharaeterize  the  relazatioa  tins  distribatioa.  Maasareaeats  aade 
at  one  frequeney  throughout  the  care  proeesa,  when  plotted  oa  a  Cole-Cole 
diagraa,  do  not  neeesaarily  provide  iaforaatioa  about  the  relazatioa  tiae 
distribatioa. 

D.5  Conductivity 

This  aeetioa  addresses  the  effeeta  of  teaperatare  aad  ears  oa  the  ionie 
eoadaetivity.  The  startiag  point  is  the  assaaptloa  that  the  ioas  involved 
are  priaarily  iapurities,  saeh  aa  residual  aodiaa  aad  chloride  ioas,  and 
that  their  eoaeeatratioas  do  not  ehaage  appreciably  daring  care.  This 
appears  to  be  a  good  assaaiptioa  for  epozy  resins  [24].  It  permits 
conductivity  changes  to  be  interpreted  ia  tens  of  ehaagea  ia  ioa  aobility, 
which  eaa,  ia  turn,  be  related  to  the  aobility  of  the  polyaer  chains. 
However,  these  assumptions  eaa  be  ezpeetad  to  fail  when  water  ia  a  prodaet 
of  the  earing  reaction,  saeh  aa  ia  pheaolie  resiaa  aad  soae  polyiaides  (ia 
which  a  protoaie  eoadaetioa  aeehaaiaa  has  been  suggested  [81]).  If  the 
aobile  ioa  eoateat  is  ehaagiag,  aaalysia  of  the  eoadaetivity  requires 
knowing  the  eoaeeatratioa  aad  aobility  of  each  aobile  species,  latrodaeing 
coaplszity  analogous  to  that  eaooaatered  ia  See.  D.3  ia  interpreting  the 
relazed  penittivity. 

Aa  aoted  ia  See.  C.l,  resistivity  aad  viseosity  are  correlated  prior  to 
gelation,  a  result  that  has  been  evident  siaee  the  earliest  work  ia  this 
field  [1-4,42,43,82-85].  However,  as  gelation  is  approaehed,  the  viseosity 
diverges,  while  the  resistivity  remains  finite  sad  varies  continuously  as 


ear*  proceeds.  Figure  27  illustrates  this  behavior  with  data  from  Taj  ism 
and  Crosier  [S3].  Ia  See.  D.4,  it  was  showa  that  the  dipolar  mobility 
tracks  the  polymer  mobility  throagh  a  VLF  depeadeaee  oa  T  aad  T  . 

Similarly,  oae  might  ezpeet  that  the  eoaduetivity  (the  reeiproeal  of 
resistivity)  also  tracks  polymer  mobility  throagh  a  VLF  equation.  The 
correlatioa  between  resistivity  aad  viscosity  prior  to  gelatioa.  where  the 
viscosity  obeys  a  VLF  equation,  sapports  this  idea.  Farther  direct  evideaee 
for  the  VLF  behavior  of  the  eoadaetivity  is  reviewed  below. 

Sheppard  [46]  has  stadied  the  temperatare  depeadeaee  of  the  cond activ¬ 
ity  ia  a  homologoas  series  of  DBBGA  resias  with  a  ia  the  raage  from  0  to 
12.  The  data  are  showa  plotted  ia  Arrheaias  fashioa  ia  Fig.  2S»  with  the 
solid  liaes  represeatiag  the  fit  of  the  VLF  equation  to  the  data.  Similar 
temperatare  depeadeaees  of  the  eoadaetivity  have  beea  reported  ia  fully- 
cared  epoxy  systems  [24. S6].  Ia  both  eases,  aad  jaat  as  with  the  dipolar 
mobility,  the  driviag  force  behiad  the  observed  temperatare  depeadeaee  ia 
the  mobility  of  the  polymer  as  determiaed  by  the  differeaee  T-T_.  There 
are.  however,  differeaeee  ia  detail  betweea  the  teaperatare  depeadeaees  of 
the  dipolar  arability  aad  the  eoadaetivity.  The  first  is  that  the  Cj  corn-* 
staat  Sheppard  obtaiaed  for  the  eoadaetivity  ia  completely  iadepeadeat  of 
the  moleealar  weight  of  the  resia*  which  saggests  that  the  free  volame 
repaired  for  ioa  traasport  does  aot  depead  oa  the  straetaral  details  of  the 
moleealar  matrix.  A  farther  resalt  is  that  aalike  the  dipolar  mobility,  for 
which  the  C,  eoaateat  was  aearly  iadepeademt  of  a,  the  Cj  ooastaat  appro¬ 
priate  to  the  eoadaetivity  traeked  T(;  that  is,  Tg-Cj  is  aearly  ooastaat. 

These  resalta  eaa  be  ased  as  a  gaide  to  iaterpretiag  eoadaetivity  data 
daring  oare  aslag  the  VLF  eqaatioa.  As  with  the  dipolar  mobility,  oae  woald 
expeet  lii  temperatare  dependence  al  J&£  eoadaetivity  U  fixed  mT»gll9V  1ft 
obey  Ibf  H£  aquation  md  iig  reference  tlBUilm  l£  track  jki  lllll 
transition  temperatare  ||  H  U«»llf»  darlaa  qigft.  Correlated  measaremeats 
of  eoadaetivity,  ehemiosl  eoaversioa,  and  T.  have  aot  beea  reported  to 
verify  this  prediction,  bat  experiments  along  these  lines  are  aader  way  at 
several  laboratories. 

Even  ia  the  abseaee  of  direct  confirming  evideaee,  we  eaa  ase  the  VLF 
approach  to  explain  a  number  of  resalta  already  ia  the  literature.  Figure 
29  illustrates  schematically  how  the  eoadaetivity  would  vary  with  1/T  at  two 
different  exteata  of  ehemleal  eoaversioa.  The  arrow  iadieates  the  pathway 
during  an  isothermal  care,  ia  whieh  the  material  starts  at  higher  eoadaetiv¬ 
ity,  where  the  slope  against  1/T  is  relatively  low,  aad  moves  toward  lower 
eoadaetivity,  where  the  slope  is  larger.  The  slope  represeats  the  effective 
"activation  energy"  for  eoadaetivity  whieh  woald  be  extracted  from  aa 
Arrheaias  plot  of  eoadaetivity  over  a  limited  temperatare  raage.  The  graph 
shows  that  this  apparent  aetivstioa  energy  woald  iaerease  daring  ears,  a 
result  first  reported  by  Varfield  aad  Petree  ia  1959  [57],  aad  sabseqaeatly 
aaalyzed  by  Sheppard  [351.  Conceptually,  as  T.  increases  daring  care  toward 
the  care  temperature,  oae  is  moving  down  the  VLF  carve  to  lower  eoadaetivity 
aad  steeper  slope,  heaee,  higher  apparent  activation  eaergy. 

This  same  idea  helps  explain  the  "knee"  ia  the  eoaduetlvity-versus- 
tine  data  noted  by  many  workers,  bat  speeifieally  interpreted  as  gelatioa  by 
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Acitelli,  it.  al.  160].  The  data  ara  shown  in  Fig.  30a,  iacladiag  Aeitalli's 
observation  of  th*  ooiacidanoa  batvaaa  tha  tiaa  to  reach  galatioa  and  the 
tiae  at  which  tha  aztrapolatad  liaaar  ragiona  intarsact.  Va  now  aadarataad 
this  ooiacidanoa;  it  is  not  ralatad  to  galatioa,  bat  rasalts  froa  tha 
autoeatalyxed  raaetioa  kiaatios  coupled  with  tha  apacifie  properties  of  tha 
WLF  aqaatioa,  aa  azplaiaad  balow. 

Whan  tiaa  rathar  than  t saps r a tar a  is  tha  wariabla,  tha  raaetioa 
kiaatios  srast  ba  eoasidarad.  Aa  notad  aarliar,  tha  epoxy-aaine  cars  is 
autoeatalyxed,  and  consequently,  tha  aaxiama  rata  of  raaetioa  oooars  at 
aboat  30  to  40%  eoawsrsioa.  Tharafora,  tha  tins  rata  of  change  of  T_  also 
raaehas  a  aaxiaaa  at  thaaa  ooaworaioas,  as  daaoastratad  by  Hngnenin  and 
Klein  [48].  Fartharaora,  aa  oars  prooaada,  tha  diffaraaoa  T-T_  decreases, 
sad  tha  ooadactiwity  baooaas  aora  saaaitiwa  to  changes  ia  T  ,  ss  illustrated 
ia  Fig.  29.  * 

Tha  eoabiaed  affect  of  thaaa  two  aechaaisas  will  lead  to  three  regions 
of  conductivity  behavior  ia  aa  isotheraal  cure.  Early  ia  cure,  where  tha 
reaction  rata  ia  low  sad  the  sensitivity  to  T  ahaagas  is  saall,  tha  con¬ 
ductivity  decreases  relatively  slowly  with  cure  tiaa.  Later  ia  cure,  both 
tha  reaction  rata  sad  rata  of  change  of  T  with  tiaa  raaeh  aaxl—a  values, 
while  tha  aaaaitivity  to  Tg  changes  increases,  leading  to  a  rapidly  changing 
conductivity  with  tine.  Finally,  towards  tha  sad  of  cure,  tha  raaetioa 
becoaes  diffusion  controlled,  so  tha  ehaaga  ia  T_  with  tiaa  is  vary  saall, 
sad  tha  tha  conductivity  versus  tiaa  curve  level!  out.  These  three  regions 
ara  clearly  evident  ia  tha  data  of  Fig.  30a.  Wa  have  siaulated  tha  first  two 
of  those  regions  [35]  by  first  estiaatiag  tha  variation  of  T  with  tiaa  sad 
than  obtaining  tha  conductivity  froa  tha  WLF  aquation  using  Sheppard's  Cj 
and  Cj  constants  for  DGEBA  rasina  [46].  Tha  T  variation  was  deteraiaed  by 
containing  the  autocatalyxad  kiaatios  [61,  63]  with  an  enpiriosl  relation 
between  T  and  a  proposed  by  DiBennedotto,  and  applied  to  epoxy  systeas  by 
Adabbo  ana  Villiaas  [87]  and  by  Baas  and  Oillhaa  [78].  Tha  resulting  conduc¬ 
tivity  versus  tins  is  plotted  ia  Fig.  30b,  which  shows  the  knee  of  tha 
Acitelli  data  at  tha  appropriate  tiaa.  Since  tha  nodal  used  for  tha  siaula- 
tioa  aakas  no  rafaranea  to  gelation,  wa  assart  that  tha  coincidence  of  tha 
kntfe  with  tha  gal  tiaa  ia  fortuitous.  This  nodal  also  shows  why  it  is 
inappropriate  to  attaapt  to  equate  tiaa  rates  of  change  of  dielectric  psr- 
aaatars,  suck  as  conductivity,  directly  to  tiaa  rates  of  change  of  cheaical 
conversion  (sea  also  Sea.  D.2). 

Blocking-layer  affects  ara  also  sensitive  to  tha  conductivity  change 
during  enre.  As  denonstrated  in  See.  C.2,  electrode  polarisation  can  lead 
to  a  Cola-Cola  diagraa  that  is  sinilar  to  tha  Debye  aquation  for  dipole 
orientation,  but  with  aueh  larger  apparent  peraittivities.  If  tha  thickness 
of  tha  blocking  layer  does  not  vary  during  cure  (which  will  ba  tha  case  if 
tha  ion  content  raaains  fixed),  tha  "relaxation  tiaa"  associated  with  this 
polarisation  is  proportional  to  tha  resistivity  of  tha  aediua,  and,  hence, 
should  track  viscosity  early  ia  cure.  Tha  present  authors  reported  suoh  a 
correlation  [54];  Zukas,  at.  al.,  [79]  have  subsequently  confined  that  tha 
tiaa  to  tha  loss  peak  associated  with  electrode  polarisation  tracks  tha 
"isoviscous"  event  in  torsional  braid  analysis. 
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Finally,  from  a  pragaatic  point  of  view,  the  conductivity  it  a  very 
sensitive  proka  of  emro.  Not  only  dooa  it  bocoao  increasingly  sensitive  to 
changes  in  T  as  the  end  of  once  ia  reached,  bnt  it  ean  alnost  always  be 
assessed,  evfn  in  the  preaenoe  of  dipolar  effects,  by  decreasing  the 
■e a serene at  frequency.  The  condectivity  ie  equally  eeaeitive  to  snail 
decreases  ia  T.  that  result  froa  degradation,  a  result  first  noted  by  War- 
field  [SI],  Applications  of  conductivity  aeasurcaeat  to  cure  studies  are 
reviewed  in  See.  S. 


B.  APTLICATXSRS 


Ia  Section  D,  we  have  esaaiaed,  froa  a  fuadaaental  point  of  view,  how 
teapersture  and  cure  affect  the  dielectric  properties  of  theraosetting 
resins.  The  principal  eoaelusioas  of  that  study  were  (1)  that  conductivity 
(or  its  reciprocal,  resistivity)  is  perhaps  the  aost  useful  overall  probe  of 
cure  state,  (2)  that  dipolar  relaations  are  assoeiated  with  the  glass 
transition  (i.e.,  with  vitrif ieatitoa) ,  (S)  that  correlations  between  vis¬ 
cosity  and  both  realstivity  and  dipole  relaxation  tiae  are  expected  early  in 
cure,  but  will  disappear  as  gelation  is  approached,  and  (4)  that  the  relaxed 
pemittlvity  follows  eheaieal  changes  during  cure  but  is  c  nab  arsons  to  use 
quantitatively. 

This  section  presents  a  cross-referenced  bibliography  on  the  applica¬ 
tion  of  dieleetrie  property  aeasareaeats  to  theraosetting  aaterials.  Our 
literature  search  identified  alaost  200  papers  with  sons  relevance  to  the 
subject.  Of  these,  we  have  selected  about  70  for  inclusion  in  this  section. 
These  papers  provide  particularly  useful  application  exaaples,  or  provide 
data  typieal  of  the  particular  naterial  or  application  whioh  future  investi¬ 
gators  ean  use  for  coaparisoas  with  their  own  results. 

The  bibliography  is  pressnted  ia  the  fora  of  two  Tables.  Table  I 
references  the  papers  by  the  aaterial  systea  under  study;  Table  II  refer¬ 
ences  the  papers  by  the  application  involved  and/or  by  the  type  of  data 
presented.  As  is  evident  in  Table  I,  aost  of  the  literature  involves 
epoxies,  and  aost  of  the  applications  to  coapositss  sre  sither  for  epoxy- 
glass  or  epoxy-graphite  systeas. 

Ia  the  Applications  estegories  of  Table  II,  except  for  those  pspers 
identified  as  presenting  post-cure  results,  all  of  the  papers  involvs  cur¬ 
ing.  No  differentiation  was  aade  as  to  isotheraal  or  rsaped  cure,  since 
both  types  of  data  would  be  of  iaportsnee  to  any  particular  resin  systea. 
The  heading  "Cure  Bate  and/or  Catalyst  Studies"  includes  those  papers  in 
which  explicit  correlations  between  cure  teapersture  or  catalyst  concentre- 
tion  are  presented,  whereas  the  heading  "General  Process  Monitoring"  in¬ 
cludes  papers  whsre,  for  the  aost  psrt,  coaasrcial  resin  or  prepreg  systeas 
are  carried  through  aoaiaal  cure  cycles. 

The  Data  Type  categories  of  Table  II  are  used  to  identify  those  papers 
either  where  quantitative  results  on  the  indicated  dielectric  property  have 
been  obtained,  or  where  the  data  is  typicsl  of  the  systea  of  interest. 
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NOMENCLATURE 

a  extent  of  eonwersion 

P  distribution  parameter 

tanft  bulk  aaterial  loss  tangent 

tan&x  experimental  loss  tangent  (equiwalent  to  D) 

*0  _  permittiwitj  of  free  space,  S.SS  x  10"1*  F/em 

«r  relaxed  permittiwitj  (relatiwe  to  sq) 

«B  unrelaxed  permittiwitj  (relatiwe  to  s qi  equiwalent  to  i'a) 

s'  bulk  permittiwitj  (relatiwe  to  Sq) 

s'z  experimental  permittiwitj  (relatiwe  to  s0> 

e'd  dipole  contribution  to  the  relatiwe  permittiwitj 

i,  infinite-frequenoj  relatiwe  permittiwitj  (equiwalent  to  «u) 

a"  bulk  loss  factor  (relatiwe  to  sq) 

swz  *  experimental  loss  factor  (relatiwe  to  tg) 

n  wiscositj 

p  dipole  moment 

p  resistiwitj  (equiwalent  to  l/o) 

a  conduct iwitj  (equiwalent  to  1/p) 

rd  dipole  relaxation  time 

f  phase  difference  between  woltage  and  current 

m  angular  frequenej 


of  parallel  plate  electrode* 

equivalent  circuit  representation  of  bulk  saaple  capacitance 
blocking-layer  capacitance 

capacitance  of  aicrodielectroneter  floating  gate 

ezperiaentally  aeasured  saaple  capacitance 

constant  in  Villiaaa-Landel-Ferry  (WLF)  equation 

constant  in  Villiaas-Landel-Ferry  (ILF)  equation 

dissipation  factor  (equivalent  to  tanft^) 

aicrodielectroneter  transfer  function 

tine-varying  current 

coaplez  aaplitude  of  i(t) 

spacing  of  parallel  plate  electrodes 

concentration  of  itk  ion 

charge  of  ltk  iou 

tine-varying  charge 

radius  of  itk  ion 

equivalent  circuit  representation  of  bulk  saaple  resistance 

ezperiaentally  aeasured  saaple  resistance 

blocking-layer  thickness 

(!•*•  transition  teaperature 

nobility  of  ith  ion 

tine-varying  voltage 

coaplez  aaplitude  of  v(t) 

ezperiaentally  aeasured  sdaittsnee 
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Figure  1 


"Black-box"  view  of  dielectric  measurement.  Apparatus  applies  a 
time-varying  voltage  v(t)  to  the  electrodes  and  measures  the  time 
varying  current  i(t). 
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circuit  for  the  admittance  of  tlio  electrodes  and  sam 

1. 


Sample 


(a) 


Figure  3  s)  Top  fin  of  co«b  electrodes.  b)  Cross-seotlon  whir*  the 

insulating  substrate  is  auek  thiekar  than  tbs  electrode  spacing 


Figure  6  Cross-section  of  BicrodieiectroBeter  sensor.  The  silicon  dioxide 
insnletor  is  aueh  thinner  then  the  electrode  spacing.  Y(u>)  is  the 
coab  electrode  adaittanoe;  is  the  capaoitance  between  the 
floating  eleotrode  and  the  snbstrate. 


Magnitude  (decibels) 


Figare  ^  Calibration  of  the  BicrodieiectroBeter  sensor,  showing  contours  of 
constant  pexnittiritj  and  loss  factor  as  a  function  of  the 
Bagnitnde  and  phase  of  the  transfer  function  H(m).  (Reprinted 
froa  [7]  with  pesaission  of  IEEE,  ©  1985  IEEE.) 
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Figure  *  Schematic  top  view  of  eetoal  aicrodielectroaeter  sensor. 

Illustrating  the  comb  electrode  structnre,  field  effect 

*itb*ilrli*./i«t  ‘Vu?*1  ii0il  *•■»«■*«•  indicator.  (Reprinted 
with  peraission  of  Hicromet  Instruaents,  Inc.) 
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Figure  9  Schematic  diagram  of  admittance  measurement. 
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Figure  10  Soheaatio  illustration  of  dipole  orientation  process  in  the 

presenee  of  an  applied  electrio  field.  (Reprinted  from  [38]  with 
permission  of  Gordon  and  Breach  Science  Publishers.) 


o>rd 


Figure  11  Debye  single  relaxation  time  model  for  dipole  orientation  showing 
(a)  permittivity  and  (b)  loss  factor  aa  a  function  of  the  product 
of  the  angular  frequency  u  and  the  dipole  relaxation  time  rd.  Th 
relaxed  permittivity  is  er  and  the  unrelaxed  permittivity  is  eu. 
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Figure  13  Cola-Cola  diagram  illustrating  effaet  of  varying  conductivity 
1 aval  a  aa  in  Figure  12.  Permittivity  it  from  Figure  11a. 
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Figure  14  Cole-Cole  diagrans  illustrating  dipole  relaxation  behavior. 

a)  Debye  single  relaxation  tine  nodal,  b)  Villians-Watts 
expreaaion  with  0-0 .5.  e)  Cole-Cole  expression  with  0-0.5. 


Figure  15  Schematic  illustration  of  ion  conduction  in  the  presence  of  an 
applied  electric  field  leading  to. electrode  polarization. 
(Reprinted  from  [38]  with  permission  of  Gordon  and  Breach  Science 
Publishers. ) 


Figure  Id  Equivalent  eircuit  for  the  electrode  admittance  in  the  presence  of 
eleotrode  polarization.  (Reprinted  from  [38]  with  permission  of 
Gordon  and  Breach  Science  Publishers.) 
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Figure  17  Cole-Cole  diagram  of  the  dieleetrio  properties  of  a  DGEBA  epoxy 
realm  measured  on  a  mierodieleetrometer  seasor  with  blocking 
layars  of  ladioated  thickness.  (Reprinted  from  [38]  with 
permissioa  of  Gordoa  and  Breach  Soieaee  Publishers.) 


Time  (Hypothetical  cure) 


Figure  It  Seheastlo  illustration  of  lots  tangent  behavior  during  a 

hypothetical  core  for  indicated  values  of  the  ratio  L/2tb. 
(Reprinted  froa  (38]  with  permission  of  Gordon  and  Breach  Scienc 
Publishers.) 


TIME  IN  RUN 


Figure  19  Plot  of  viscosity  sad  dissipstion  fsotor  daring  cars  of  sn  epoxy 
rosin  illustrating  "eaaol-bsek*  in  dissipation  factor  and  the 
corra.pond.no.  of  the  ainiaua  viscosity  with  the  minimum  betveen 
the  two  dissipation  factor  peaks.  (Reprinted  froa  [42]  with 
peraissioa  of  the  Society  of  Plasties  Engineers.) 


TEMPERATURE  (#C) 


Fiju're  20  Plot  of  paraittiwity  and  loss  factor  versos  teaperstore  for  EPON 
82 >  raaia  ia  the  vicinity  of  the  class  transition.  (Reprinted 
froa  C4<]  with  paraissioa  of  tha  authors.) 
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Figure  21  Plot  of  peraittiwity  tad  loos  footer  Torsos  tiae  daring  the  car* 
of  a  low  aolooulor  weight  DGEBA  retia  (EPON  825)  with  DDS  at 
137  «C.  (Reprinted  froa  [471  with  pezalssioa  of  the  Soeiety  for 
**•  Adwaaoeaeat  of  Material  aad  Process  Engineering.) 


61 


5  14 


4-  DATA 
—  MODEL 


410  K 


/ 

460  K 


40  80  120 
TIME  (MINUTES) 


160 


Figaro  22  Plot  of  relaxed  permittivity  versos  time  for  •  lov  molecular 
weight  DGEBA  resin  (EPON  82S)  cured  isotheraslly  with  DDS  st 
tempers tores  between  41 Of  sad  4601.  Crosses  represent 
experimental  date;  the  solid  cores  represents  the  model  described 
in  the  text.  (Reprinted  from  (71]  with  permission  of  the  Society 
of  Plasties  Engineers.) 
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Figure  23  Test  plot  of  tbe  Oasagor  rolatioa  (Eq.  D-2)  for  the  data  of  Figure 
22  at  differeat  aztaota  of  eoaveraioa  aa  datarained  by  DSC 
■••iuoaoota.  (Rapriatad  from  [71]  with  paraiaaioa  of  tba  Society 
of  Flaatioa  Bagiaaara.) 
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Figure  24  Axzheaius  plot  of  the  frequency  of  aaziaua  dipole  lose  for  DGEBA 
epozy  resins  of  raryiag  aoleealar  weights,  a)  n-12.1;  b)  5.1;  c 
3.4;  d)  2.1;  e)  0.6;  f)  0.2;  g)  0.  (Reprinted  from  [46]  with 
pezalsaioa  of  the  authors.) 
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Figure  25  Sbito'e  teat  plot  of  the  Williaaa-Landel-Ferry  equation  for  tbe 
dipolo  relaxation  tiae  ia  an  anhydride-cnred  epoxy.  (Reprinted 
froa  (50]  aith  pexaiaaion  of  John  Wiley  and  Sona,  Inc.) 
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Figure  26  Time-temperature-transformation  diagram  for  the  system  EPON 

825/DDS  shoving  times  to  reach  dipole  lose  peaks  at  10  and  10,000 
Hz.  (Reprinted  from  [47]  vith  permission  of  the  Society  for  the 
Advancement  of  Material  and  Process  Engineering.) 
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Figure  27  Taj  inn’s  plot  of  viscosity  tad  resistance  daring  the  care  of 
epoxy  resin.  (Seprinted  fron  [76]  with  permission  of  the 
Society  of  Plastics  Engineers.) 
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Figure  28  Arrhenius  plot  of  the  conductivity  for  DGEBA  epoxy  resins  of 

varying  molecular  weights,  a)  n-12.1;  h)  5.1;  e)  3.4;  d)  2.1;  e) 
0.6;  f)  n-0.2;  g)  0.  (Reprinted  froa  [45]  vith  permission  of  the 
authors.) 
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Figure  29  Schematic  illustration  of  the  temperature  dependence  of  the 

conduetiwity  dnring  two  points,  of  an  isothermal  thermoset  core 
(Reprinted  from  |3S1  with  permission  of  the  Massachusetts 
Institute  of  Technology.) 
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Figure  30  a)  Conductivity  data  of  Aoitalli  foe  the  57  *C  euro  of  a  low 

molecular  weight  DGEBA  reals  with  m-phenylene  diamine.  (Reprinted 
from  [dO]  with  the  permitaion  of  the  publisher  Butterworth 
Scientific,  Ltd.).  b)  Simulation  of  the  data  of  Figure  30a 
uaisg  a  chemical  kinetic  model  to  determine  T  veraua  time  and  a 
WLF  equation  ia  to  determine  the  conductivity.  (Reprinted  from 
[35]  with  permitaion  of  the  Naaaaehuaetta  Isatitute  of 
Technology.) 
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